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Abstract 

Hyperspectroscopy  for  fast  transient  events  such  as  battlefield  explosions  is  an 
undeveloped  area  of  spectral  imaging.  This  thesis  is  an  examination  and  analysis 
of  issues  involved  with  taking  a  laboratory  design  for  a  rotating  prism  hyperspectral 
chromotomographic  (CT)  instrument  and  producing  a  first  approximation  satellite 
payload  design,  operating  scheme  and  orbit  to  demonstrate  this  technology  in  low- 
earth  orbit.  This  instrument  promises  the  capability  of  adding  a  time  dimension 
to  the  normal  spatial  and  spectral  data  produced  by  most  hyperspectral  imagers. 
The  ultimate  goal  is  to  conduct  experiments  showing  spectral  definition  of  transient 
combustion  events  on  the  ground  from  space. 

This  thesis  examines  the  overall  design  requirements  for  operation  of  this  instru¬ 
ment  in  a  space  environment.  It  begins  with  a  discussion  of  spectroscopy,  the  current 
literature  on  the  topic  of  hyperspectral  imagers,  and  a  review  of  some  representative 
hyperspectral  imagers  currently  in  operation.  This  is  followed  by  an  examination  of 
the  laboratory  instrument,  identifying  key  components  and  operating  principles  of 
that  instrument.  Then  a  definition  of  some  general  instrument  requirements  to  con¬ 
duct  the  experiment  is  presented.  This  continues  with  a  trade-space  analysis  of  major 
instrument  components  to  include:  front-end  optics,  the  rotating  prism,  focal  plane 
array,  on-orbit  calibration,  and  data  production,  storage  and  downlink.  An  opera¬ 
tional  analysis  of  a  notional  test  event  encompasses  Chapter  IV.  The  thesis  concludes 
with  a  summary  of  the  major  issues  presented  and  recommendations  for  further  work 
leading  towards  the  actual  construction  and  employment  of  the  proposed  space-based 
instrument. 
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An  Engineering  Trade  Space  Analysis  for  a 
Space-Based  Hyperspectral  Chromotomographic  Scanner 


I.  Introduction 

This  thesis  will  present  a  trade-space  analysis  for  an  engineering  design  of  an 
experimental  chromotomography-based  hyperspectral  imager  (Chromotomographic 
Imaging  Experiment  -  CTEx).  The  basis  for  this  instrument  is  a  current  laboratory 
instrument,  the  Chromotomographic  Hyperspectral  Imaging  System  (CTHIS),  which, 
as  the  name  implies,  employs  chromotomographic  techniques  for  data  extraction  from 
images.  The  objective  of  this  study  is  to  provide  a  first-order  engineering  trade-space 
analysis  for  such  an  instrument.  The  design  will  address  issues  involved  in  launching 
and  operating  this  instrument  in  space.  It  will  take  into  account  the  stresses  of  launch, 
the  challenges  of  the  space  environment  such  as  heating,  cooling  and  solar  radiation, 
and  the  much  greater  distances  between  the  target  and  the  instrument  Focal  Plane 
Array  (FPA)  for  example.  In  the  end,  the  instrument  will  be  designed,  built,  launched 
and  operated  in  low-earth  orbit.  It  will  provide  proof-of-concept  validation  of  the 
practicality  and  effectiveness  of  hyperspectral  chromotomographic  remote  sensing  of 
the  Earth’s  surface  from  space. 

Spectral  data  analysis  is  already  widely  used  in  both  military  and  civilian  ap¬ 
plications.  Examples  include  defeating  camouflage,  categorizing  mineral  deposits, 
tracking  climate  change  and  analyzing  the  growth  and  health  of  vegetation  for  agri¬ 
cultural  or  forestry  use.  CTEx  promises  to  add  additional  capabilities  for  analyzing 
fast  changing  events  such  as  battlefield  explosions,  rocket  engine  tests,  or  the  smoke 
plume  resulting  from  industrial  fires.  Measuring  spectral  changes  from  imagery  of 
these  types  of  situations  will  enhance  users’  ability  to  determine  the  chemical  content 
of  the  explosive,  smoke  plume  or  any  other  transient  event. 
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1.1  Spectroscopy 

Spectroscopy  is  the  use  of  variations  in  the  spectral  signature  of  an  observed  ge¬ 
ometric  space,  object  or  event  to  extract  data  about  that  target  which  is  not  apparent 
in  traditional  electro-optical  imagery.  In  remote  sensing  an  image  may  be  analyzed 
within  a  single  spectral  band  (monochromatic),  several  spectral  bands  (multispectral) 
or  many  spectral  bands  (hyperspectral) .  Although  there  is  no  authoritative  differen¬ 
tiation  between  multi-  and  hyperspectral  imaging,  there  is  a  general  consensus  that 
image  analysis  in  more  than  about  a  dozen  spectral  bands  qualifies  as  “hyperspec¬ 
tral”  .  In  addition,  multispectral  instruments,  such  as  the  LandSat  Thematic  Mapper, 
which  is  discussed  below,  usually  do  not  use  contiguous  bands,  rather  using  selected 
specific  bands  and  bandwidths  at  various  points  in  the  electro-magnetic  spectrum  for 
particular  applications.  In  other  words,  if  the  entire  spectral  area  of  interest  is  from 
400  -  1000  nm,  a  hyperspectral  imager  will  collect  data  over  that  entire  spectral  band¬ 
width  and  break  up  that  width  into  a  dozen  or  more  smaller  bands.  By  contrast,  a 
multispectral  imager  will  collect  data  on  only  a  few  specific  parts  of  the  entire  band, 
and  those  parts  will  not  necessarily  he  next  to  each  other;  there  will  be  large  gaps  over 
the  entire  bandwidth  where  no  data  is  taken  at  all.  For  reference,  the  EM  spectrum 
with  the  visible  light  portion  highlighted  is  presented  in  Figure  1.1. 

The  advantages  of  using  spectral  imaging  data  as  opposed  to  more  familiar, 
visible  light  images  (panchromatic),  i.e.  photography,  is  that  many  objects  can  be 
distinguished  from  their  surroundings  by  strong  reflection,  or  lack  thereof,  in  specific 
parts  of  the  spectrum  but  are  washed  out  in  a  panchromatic  view.  The  distinguishing 
reflectance  (or  emittance)  in  a  small  portion  of  the  EM  spectrum  may  be  undetectable 
when  an  entire  portion  of  the  spectrum,  such  as  the  visible  light  portion,  is  observed 
as  a  whole.  Further,  hyperspectral  imagery  provides  much  more  data,  with  finer 
resolution,  than  can  be  gathered  through  multispectral  or  panchromatic  imaging. 

As  pointed  out  above,  an  example  of  the  use  of  hyperspectroscopy  is  in  the 
detection  and  identification  of  camouflaged  equipment.  This  application  is  illustrated 
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Figure  1.1:  The  EM  spectrum  [41] 


below  in  Figure  1.2.  This  is  a  side-on,  close-up  view  of  a  camouflaged  tent.  Cam¬ 
ouflage  generally  works  on  the  principle  of  masking  an  object’s  color  (visible  light 
reflectance)  and  shape  by  matching  it  to  the  background.  However,  when  the  same 
camouflaged  object  is  observed  in  many  narrow  spectral  bands,  the  differences  in  sig¬ 
nature  between  it  and  that  background  become  much  more  apparent.  Observe  the 
same  tent  in  an  overhead  panchromatic  and  then  in  multispectral  and  hyperspectral 
imagery  (Figure  1.3).  In  the  multispectral  image  more  detail  is  apparent,  but  the  tent 
is  still  not  noticeable.  The  hyperspectral  image  clearly  shows  an  anomalous  feature 
that  can  be  further  investigated.  Note  that  the  color  in  these  images  is  not  true  color 
but  is  a  processing  technique  that  contrasts  parts  of  the  spectral  signature  with  others 
to  highlight  differences.  This  is  another  advantage  of  hyperspectroscopy.  Post-image 
processing  can  be  used  to  focus  on  different  spectral  wavelengths  in  order  to  distin- 
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guish  particular  features  of  interest.  This  is  especially  advantageous  where  the  analyst 
knows  the  areas  of  the  spectrum  where  a  particular  type  of  material  has  the  strongest 
reflectance,  i.e.  a  tank  may  be  most  strongly  reflectant  in  the  near  infrared  band.  An 
analyst  looking  for  tanks  in  an  image  can  highlight  that  area  of  the  spectrum  to  see 
if  anything  stands  out  in  stark  contrast  to  the  background. 


Figure  1.2:  Camouflaged  tent  [4] 


1.2  Example  Spectrographic  Imagers 

In  order  to  better  illustrate  the  concepts  introduced  here  a  brief  examination  of 
two  representative  imagers  is  presented.  Although  several  space-borne  hyperspectral 
imagers  are  discussed  in  detail  in  the  next  chapter,  it  will  be  advantageous  to  use  the 
Thematic  Mapper  and  the  Airborne  Visible/Infrared  Imaging  Spectrometer  (AVIRIS) 
instruments  to  clarify  some  of  the  basic  terminology  at  this  point. 

1.2.1  Thematic  Mapper.  Remote  sensing  of  the  Earth’s  surface  using  multi- 
and  hyperspectral  instruments  is  not  a  new  concept.  Examples  of  both  air  and  space 
borne  instruments  are  readily  available.  These  include  the  Thematic  Mapper  (TM), 
which  is  a  Landsat  satellite-based  multispectral  instrument  using  seven  different  spec¬ 
tral  bands  to  analyze  the  same  geography  or  to  maximize  the  information  that  can 
be  collected  on  a  particular  area.  The  TM  uses  seven  spectral  bands  from  the  visible 
to  the  rnid-IR  regions. 

The  Thematic  Mapper  (TM)  is  a  seven  channel  sensor  mounted  on  the 

Landsat  platform  which  is  maintained  in  a  sun-synchronous,  near-polar 
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(a)  Panchromatic  image  of  camouflaged  tent 


(b)  Multispectral  image  of  camouflaged  tent 


(c)  Hyperspectral  image  of  camouflaged  tent 

Figure  1.3:  Camouflaged  tent  in  three  spectral  views  [4], 
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orbit  at  an  altitude  of  705  km.  This  provides  for  global  repeat  coverage 
every  16  days.  TM  data  are  recorded  at  30-rn  ground  resolution  across  a 
swath  of  185  km,  except  for  the  thermal  data  that  are  recorded  at  120-m 
ground  resolution. 

Band  description: 

1.  BLUE  (0.45-0.52  m):  Designed  for  water  body  penetration,  making  it 
useful  for  coastal  water  mapping.  Also  useful  for  soil/vegetation  discrim¬ 
ination,  forest  type  mapping  and  cultural  feature  identification. 

2.  GREEN  (0.52-0.60  m):  Designed  to  measure  green  reflectance  peak  of 
vegetation  for  vegetation  discrimination  and  vigor  assessment.  Also  useful 
for  cultural  feature  identification. 

3.  RED  (0.63-0.69  m):  Designed  to  sense  in  a  chlorophyll  absorption  re¬ 
gion  aiding  in  plant  species  differentiation.  Also  useful  for  cultural  feature 
identification. 

4.  NEAR  INFRARED  (0.76-0.90  m):  Useful  for  determining  vegetation 
types,  vigor,  and  biomass  content,  for  delineating  water  bodies,  and  for 
soil  moisture  discrimination. 

5.  MID-INFRARED  (1.55-1.75  m):  Indicative  of  vegetation  moisture  con¬ 
tent  and  soil  moisture.  Also  useful  for  differentiation  of  snow  from  clouds. 

6.  THERMAL  INFRARED  (10.4-12.5  m):  Useful  in  vegetation  stress 
analysis,  soil  moisture  discrimination,  and  thermal  mapping  applications. 

7.  MID-INFRARED  (2.08-2.35  m):  Useful  for  discrimination  of  mineral 
and  rock  types.  Also  sensitive  to  vegetation  moisture  content. 

[10] 

This  particular  instrument  uses  a  diffraction  grating  and  bandpass  Liters  to  sep¬ 
arate  light  reflected  from  the  Earth’s  surface  into  several  spectral  bands  and  then  pass 
those  specific  bands  of  electromagnetic  radiation  onto  a  focal  plane  array  (FPA)  which 
is  sensitive  to  light  in  that  band  (or  bands).  The  FPA(s)  form  part  of  an  instrument 
cluster  for  collecting,  storing  and  transmitting  (with  possibly  some  processing  as  well) 
images  in  electronic  form. 

As  can  be  seen  from  the  band  descriptions,  the  Thematic  Mapper  uses  rather 
broad  spectral  bands.  This  is  well  illustrated  in  Figure  1.5  where  the  TM  bands  and 
spectrum  are  shown  graphically: 
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Figure  1.4:  Thematic  Mapper  design  [41] 


Spectral  Reflectance  Curves  and  TM  Bands 
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Figure  1.5:  Thematic  Mapper  spectral  bands  illustration  [41] 
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The  purpose  of  the  Thematic  Mapper  is  to  provide  data  for  the  study  of  vege¬ 
tation,  soil,  geography  and  climate  on  the  Earth.  As  such,  these  broad  bands  work 
relatively  well.  Of  course  the  TM  was  also  a  relatively  early  operational  employment 
of  spectroscopy  in  space-based  remote  sensing. 

Since  Landsat  TM  first  became  operational  in  the  1970s  there  have  been  many 
air-  and  space-based  applications  of  multi-  and  hyperspectral  imaging  instruments 
used  in  the  private  and  public  sectors.  Chapter  If  will  provide  background  on  some 
of  these  instruments  to  help  illustrate  their  design  and  capabilities.  However,  AVIRIS 
will  be  briefly  discussed  here  as  an  aide  in  clarifying  important  basic  concepts  associ¬ 
ated  with  hyperspectral  imaging. 

1.2.2  AVIRIS.  AVIRIS  is  a  true  hyperspectral  imager.  It  produces  imagery 
in  224  contiguous  bands  from  400  to  2500  nanometers,  thereby  offering  spectral  res¬ 
olution  of  9.375  nm  or  .0094  /ini.  This  resolution  is  good  enough  to  identify  various 
surface  and  atmospheric  constituents  at  the  particle  or  molecular  level,  but  not  good 
enough  to  separate  molecular  isotopes  of  the  same  compounds  or  elements  in  most 
cases.  Nevertheless,  as  the  AVIRIS  mission  is  to  study  processes  of  global  environ¬ 
mental  and  climate  change,  this  resolution  is  certainly  sufficient  [5] .  In  relation  to  the 
spectral  resolution  and  bandwidth,  it  is  important  to  note  the  relationship  that  exists 
and  the  tradeoffs  presented.  A  wide  bandwidth,  in  this  case  covering  from  the  begin¬ 
ning  of  visible  light  all  the  way  through  short  wave  infrared  (SWIR),  .400  -  2.5  /.mi, 
covers  a  greater  portion  of  the  EM  spectrum  and  thereby  provides  more  data.  This 
is  particularly  important  when  imaging  through  the  Earth’s  atmosphere  as  radiation 
absorption,  especially  by  water  and  carbon  dioxide,  create  gaps  in  the  imagers  ability 
to  collect  target  data.  This  is  illustrated  in  Figure  1.6.  Broad  spectrum  coverage 
helps  to  mitigate  the  effects  of  these  gaps  in  data  analysis. 

Conversely,  the  larger  the  spectral  bandwidth,  the  more  spectral  bands  are 
required  to  achieve  the  same  spectral  resolution.  For  AVIRIS,  with  224  bands  over 
2100  nm  of  bandwidth,  spectral  resolution  is  about  10  nm.  If  the  entire  bandwidth 


Figure  1.6:  Absorption  of  reflected  solar  radiation  by  atmospheric  components  such 
as  water  create  gaps  in  an  imagers  ability  to  collect  spectral  data.  [39] 

was  only  in  the  visible  portion  of  the  spectrum  the  instrument  would  require  30 
bands  to  achieve  the  same  spectral  resolution.  Spectral  resolution  requirements  drive 
requirements  for  the  size,  sensitivity  and  data  throughput  of  the  instrument’s  light 
detecting  focal  plane  array.  The  size  of  the  target  bandwidth  as  a  whole  determines 
the  materials  required  for  the  FPA  and  whether  more  than  one  FPA  will  be  required. 
This  is  due  to  the  limits  on  EM  sensitivity  for  various  materials.  For  example,  silicon 
based  photoelectric  FPA  elements  can  be  used  for  the  visible  light  and  some  near 
infrared  (NIR)  parts  of  the  spectrum.  While  longer  wavelengths  from  NIR  on  up  may 
be  better  matched  with  indium  antimonide  (InSb)  or  mercury  cadmium  telluride 
(HgCdTe)  based  FPAs.  Obviously  multiple  FPAs  or  very  large  FPAs  will  in  turn 
drive  costs,  complexity  and  instrument  geometry.  This  can  be  seen  in  the  AVIRIS 
instrument  itself.  In  order  to  cover  the  broad  spectral  range  that  it  does,  AVIRIS  uses 
three  different  detector  materials,  silicon  for  visible  light,  gallium  arsenide  for  NIR 
and  indium  antimonide  for  short  wave  infrared  (SWIR).  The  instrument  scans  along 
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the  path  of  flight  using  what  is  known  as  a  “whisk  broom”  or  side-to-side  technique 
providing  a  total  of  34  degrees  field-of-view  with  a  12  Hz  scan  rate,  (see  Fig  1.7). 

One  of  the  most  challenging  aspects  of  hyperspectral  imaging  can  be  the  rate 
of  data  throughput  from  the  focal  plane  array.  The  data  rate  for  AVIRIS  is  over  20.4 
Mbps.  Data  is  stored  on  a  76GB  hard  drive.  AVIRIS  uses  air  breathing  platforms  for 
its  data  collection  flights,  so  it  is  easy  to  download  the  data  taken  after  each  flight. 
A  space-based  platform  will  obviously  not  have  that  luxury  and  data  will  need  to  be 
transmitted  to  the  ground  after  a  collection  pass.  The  other  issue  that  is  driven  by 
the  data  rate  is  the  image  processing  speed  of  the  focal  plane  array  as  well  as  other 
important  aspects  of  the  mission  that  rely  on  the  FPA.  These  will  be  discussed  in 
detail  in  subsequent  chapters. 


Figure  1.7:  The  AVIRIS  hyperspectral  imager  [6] 


To  go  further  in  the  discussion  of  hyperspectral  imagery,  a  representative  output 
from  one  pixel  of  the  AVIRIS  FPA  can  be  examined  (Figure  1.8). 
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Figure  1.8:  One  pixel’s  spatial  dimension  is  repeated  over  the  entire  spectral  band  [8] 
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The  image  shows  the  radiance,  the  received  power,  on  one  pixel  of  the  AVIRIS 
FPA.  The  radiance  is  shown  across  the  entire  bandwidth  of  the  instrument  from  400 
to  2500  nm  in  each  of  the  224  spectral  bands.  Notice  that  there  is  both  a  spatial  and 
spectral  extent  for  each  pixel.  The  spatial  extent  of  the  image  remains  constant  but 
is  represented  in  224  separate  spectral  bands.  The  sum  total  of  all  pixels  in  the  2-D 
FPA  creates  a  3-dimensional  data  cube  with  x  and  y  spatial  components  and  A  as  the 
spectral  extent  as  shown  below.  It  is  important  to  remain  aware  of  this  relationship; 
that  each  pixel  in  the  2-dimensional  focal  plane  array  corresponds  with  a  particular 
portion  of  the  overall  image  and  therefore  with  a  particular  piece  of  geography  that 
is  in  the  optical  field  of  view  (FOV)  for  the  instrument  as  a  whole.  This  does  not 
mean  that  the  FOV  corresponds  to  the  size  of  the  FPA.  If  the  light  that  is  incident 
on  the  system  aperture  is  not  fully  focused  on  the  FPA  but  either  extends  beyond  the 
edges  of  the  FPA  or  does  not  entirely  £11  the  length  or  width  of  the  FPA,  the  image 
produced  will  not  match  the  instrument  field  of  view.  Clearly  the  greater  the  number 
of  spectral  bands,  the  better  the  fidelity  of  the  resulting  spectrograph.  The  end  result 
being  a  better  or  poorer  ability  to  identify  substances  or  objects  whose  reflected  or 
emitted  light  makes  up  some  portion  of  the  image  under  consideration. 

1.3  Temporal  Dimension 

Thus  far  the  thesis  has  described  the  uses  of  hyperspectroscopy  with  a  three 
dimensional  hyperspectral  cube,  two  dimensions  of  physical  extent  and  one  of  spectral 
bandwidth.  These  three  dimensions  can  also  be  extended  to  a  fourth,  time.  As  already 
discussed,  the  spectral  content  of  an  image  can  provide  analysts  with  a  great  deal  of 
information  about  the  imaged  scene.  Vegetation,  water  in  liquid  or  frozen  form, 
geologic  minerals,  man-made  structures  and  so  on  can  be  identified  and  analyzed 
through  a  single  hyperspectral  image.  Certain  types  of  scenes  also  lend  themselves  to 
providing  significant  additional  data  through  the  temporal  dimension.  Those  objects 
or  activities  of  interest  that  change  rapidly  with  time  produce  a  changing  spectral 
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AVIRIS  CONCEPT 


EACH  SPATIAL  ELEMENT  HAS  A 
CONTINUOUS  SPECTRUM  THAT 
IS  USED  TO  ANALYZE  THE 
SURFACE  AND  ATMOSPHERE 
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Figure  1.9:  A  3-D  hyperspectral  data  cube  is  created  from  the  convolution  of  all  pixel 
data  [7]. 
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signature  in  addition  to  any  spatial  changes  that  may  occur.  Examples  of  this  include 
jet  or  rocket  engine  plumes,  explosion  fireballs,  or  any  other  combustion  event. 

The  detonation  of  an  artillery  shell  creates  a  fireball  that  will  rapidly  expand 
and  then  dissipate.  A  single  hyperspectral  image  at  some  point  in  that  progression 
will  capture  a  snapshot  in  time  of  the  size  and  spectral  content  of  the  fireball  at  that 
instant.  However,  much  more  information  about  the  type  and  quantity  of  explosive 
as  well  as  the  packaging  (shell)  of  that  munition  would  be  discernable  if,  instead  of 
a  single  hyperspectral  image,  a  large  series  of  such  images  over  the  entire  lifetime  of 
the  event  were  available.  This  would  be,  in  essence,  a  hyperspectral  movie  of  the 
event.  This  application  could  be  used  to  analyze  the  evolution  of  the  spectra  that  the 
fireball  produces  over  time,  in  each  of  however  many  spectral  bands  our  instrument 
resolves.  This  is  the  essential  idea  behind  the  Chromotomographic  Hyperspectral 
Imaging  Sensor  (CTHIS)  as  described  by  Murgia  et  ah  [36] 

1.4  Problem  Statement  and  Organization 

This  thesis  uses  the  CTHIS  instrument  as  a  baseline  concept  for  the  first-order, 
engineering  trade-space  analysis  of  a  proof-of-concept,  space  based  CTHIS  instrument. 
The  thesis  will  be  segmented  into  five  chapters.  The  first,  this  one,  introduces  the 
concepts  involved  and  lays  out  the  problem  to  be  examined.  Chapter  II  provides  a 
background  literature  and  representative  instrument  review.  It  goes  on  to  describe 
the  physical  layout  and  concept  of  operation  of  the  baseline  instrument  as  explained 
by  Murgia  et  al.  as  well  as  a  laboratory  specimen  in  use  at  the  Air  Force  Institute 
of  Technology  (AFIT).  The  third  chapter  will  comprise  the  majority  of  the  design 
study.  At  this  point  objectives,  constraints  and  restraints  for  this  project  will  be 
noted.  There  will  be  no  assumptions  made  that  any  particular  launch  vehicle  will 
be  used  to  place  the  instrument  into  orbit,  but  that  the  instrument  will  be  launched 
to  low  earth  orbit  (LEO).  The  assumption  is  that  the  instrument  will  be  placed  on 
the  Japanese  Experiment  Module  (JEM)  Exposed  Facility  (EF)  on  the  International 
Space  Station  (ISS)  and  will  be  constrained  by  the  size,  mass  and  other  restrictions 
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of  that  facility.  This  is  to  be  a  proof- of- concept  experiment  and  therefore  is  not 
expected  to  be  extremely  long  lived  (about  one  year)  and  should  be  designed  with 
budget  constraints  in  mind  (<  $1,000,000).  Where  possible,  commercial  off-the-shelf 
(COTS)  components  should  be  used  to  reduce  technology  risks  and  lower  costs. 

Playing  “follow  the  photon”  a  walk  through  of  the  optical  and  digital  path  of  the 
instrument  from  light  gathering  aperture  to  data  storage/offload  will  be  conducted. 
This  thesis  will  address  the  issues,  problems  and  tradeoffs  presented  at  each  stage, 
discuss  the  merits  of  each  and  endeavor  to  make  realistic  recommendations  for  the 
instrument  design. 

The  fourth  chapter  will  propose  a  concept-of-operations  for  the  instrument  and 
walk  through  a  hypothetical  data  collection  event.  The  final  chapter  will  summa¬ 
rize  the  thesis,  pointing  out  areas  that  may  not  be  adequately  covered  and  make 
recommendations  for  areas  of  additional  study  or  attention. 
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II.  Hyperspectral  Imaging  Background  Review 

In  order  to  ultimately  design  the  instrument  under  consideration,  the  basic  operation 
it  is  intended  to  perform  and  how  this  is  accomplished  must  first  be  understood.  CTEx 
is  to  be  based  on  the  Chromotomographic  Hyperspectral  Imaging  System  (CTHIS) 
which  uses  the  spectral  dispersion  characteristics  of  a  prism  as  a  foundation  for  hyper¬ 
spectral  imaging.  CTHIS  or  similar  hyperspectral  imaging  systems  have  been  studied 
and  written  on  by  several  authors  since  at  least  1998  [1].  Indeed,  at  the  time  of  this 
writing  there  is  an  on-going  study  of  various  aspects  of  the  basic  system  [1] .  However, 
the  instrument  has  never  really  been  examined  from  an  engineering  perspective.  As 
this  study  is  aimed  at  taking  a  first  step  towards  that  end,  a  sampling  of  existing 
space-based  multi-and  hyperspectral  imaging  instruments  and  their  operating  prin¬ 
ciples  will  be  discussed.  The  most  recent  studies  and  academic  papers  focused  on 
CTHIS  or  similar  theoretical  or  existing  hyperspectral  instruments  will  serve  as  a  ba¬ 
sis  for  studying  design  trade-offs  for  CTEx.  A  walk  through  of  the  major  components 
of  the  prism-based  CTHIS  design  will  follow  to  provide  more  specific  explanations  of 
how  this  instrument  is  intended  to  function.  This  process  along  with  user  require¬ 
ments  will  provide  a  baseline  of  requirements  for  CTEx.  In  other  words,  examining 
the  existing  experimental  and  prototype  instruments  along  with  recent  academic  stud¬ 
ies  on  hyperspectral  imagers  will  help  establish  a  context  within  which  CTEx  design 
trade-space  options  can  be  developed. 

2.1  Collection  Techniques 

The  first  topic  to  discuss  is  the  general  design  and  operating  options  for  hyper¬ 
spectral  imagers  at  the  present  time.  There  are  three  general  data  collection  tech¬ 
niques  for  imaging  systems,  the  whiskbroom  method,  the  pushbroom  method  and  the 
step  stare  technique.  The  whiskbroom  method  in  which  the  scanner  or  a  mirror  as¬ 
sembly  scans  the  scene  from  side-to-side,  perpendicular  to  the  direction  of  instrument 
flight,  is  used  by  the  AVIRIS  instrument  (Figure  2.1).  There  are  no  recent  Hyper- 
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spectral  Imager  (HSI)  designs  that  use  whiskbroom  scanning.  The  preferred  method 
at  this  time  is  the  pushbroom  technique. 

The  pushbroom  scanning  technique  is  by  far  the  most  common.  Space  and 
airborne  systems  normally  use  a  two-dimensional  focal  plane  array.  In  the  pushbroom 
technique  light  passes  through  a  narrow  slit  and  is  focused  onto  the  FPA,  matching 
the  field-of-view  width.  Here  the  spatial  dimension  is  collected  along  the  direction  of 
the  motion  of  the  platform  while  the  spectral  dimension  is  simultaneously  collected 
along  the  second  dimension  of  the  FPA  (see  Figure  2.1). 

A  third  method  of  collecting  HSI  is  the  step  stare  technique.  In  this  case  the 
sensor  is  fixed  on  a  specific  ground  scene  for  a  period  of  time  before  being  “stepped” 
to  the  next  scene.  This  technique  allows  for  much  better  signal-to-noise  ratio  (SNR) 
since  the  scene  is  kept  in  view  for  a  longer  period  of  time.  Some  form  of  this  technique 
is  necessary  if  the  objective  is  to  collect  on  a  rapidly  changing  scene  or  scene  feature  as 
CTEx  is  designed  to  do.  This  method  normally  requires  either  a  gimballed  platform 
or  a  moveable  mirror  to  keep  a  particular  FOV  under  scrutiny  while  the  platform 
moves  along  its  track  [29]. 

Any  HSI  system  must  have  some  method  for  separating  out  the  collected  light 
spectrum  into  the  required  bands.  For  this  purpose  there  are  three  general  classes 
of  device:  Dispersive  spectrometers,  Fourier  transform  interferometers,  and  narrow 
band  adaptive  filters.  Dispersive  devices  use  either  a  diffraction  grating  or  a  prism  to 
separate  collected  light  into  a  continuous  spectrum.  Fourier  transform  interferometers 
split  incoming  radiation  into  two  beams  and  then  introduce  a  controlled  phase  shift 
before  recombining  the  beams.  The  combined  beam  is  focused  on  a  detector  where  the 
intensity  of  the  light  has  been  modulated  by  the  phase  difference  between  the  beams. 
Since  EM  waves  obey  the  law  of  superposition,  the  result  is  an  additive  combination 
of  the  two.  The  amplitude  of  the  recombined  beam  is  sampled  at  an  appropriate 
rate  and  a  Fourier  transform  is  used  to  convert  the  amplitude  modulated  signal  into 
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Figure  2.1:  Whiskbroom  and  Pushbroom  collection  techniques  [39] 


18 


a  frequency  spectrum  [45].  This  is  simply  an  adaptation  of  the  familiar  Michelson 
interferometer. 

There  are  several  different  types  of  spectral  filters.  The  key  idea  is  that  EM 
radiation  passes  through  a  filtering  material  which  can  be  adjusted  to  allow  specific 
wavelengths  through  while  blocking  others.  They  all  operate  on  some  principle  of 
altering  a  material’s  diffraction  coefficient  properties  through  either  stress  applied  to 
the  material,  movement  along  a  wedge,  or  application  of  a  current  or  acoustic  wave 
to  rapidly  change  the  spectral  band  of  light  allowed  to  pass  through  that  material. 
Control  of  these  properties  allows  spectral  separation  of  desired  EM  bandwidths  [40, 
45], 

Any  of  these  techniques,  or  combinations  of  them,  can  be  used  for  a  spectro- 
graphic  instrument.  In  practice  however,  prism  or  diffraction  grating  instruments  are 
the  most  prevalent  since  these  are  the  simplest,  most  mature  and  most  reliable  tech¬ 
niques.  (See  table  of  available  devices  in  Appendix  A)  Less  often  seen  are  filter-based 
HSIs,  although  they  are  not  uncommon.  It  is  not  unusual  to  see  a  combination  of 
spectral  filter  with  a  prism  or  grating.  Fourier  transform  interferometer-based  in¬ 
struments  provide  good  performance,  but  are  rarely  used  in  space-borne  applications. 
This  is  due  to  the  fact  that  they  have  generally  been  very  heavy  compared  with  prism 
or  grating-based  HSIs  and  mass  is  a  serious  concern  for  space  flight.  One  exception 
to  this  generalization  is  the  Geostationary  Imaging  Fourier  Transform  Spectrome¬ 
ter  (GIFTS)  on-board  NASA’s  Earth  Observer  (EO)-3  mission.  GIFTS,  as  the  name 
implies,  uses  Fourier  interferometer  techniques  for  HSI  but  mass  issues  have  been  con¬ 
trolled  through  the  use  of  cutting  edge,  lightweight  materials  such  as  silicon  carbide 
for  the  mirrors  and  other  composites  in  the  telescope  structure  [34], 

2.2  Literature  Review 

An  important  background  study  to  consider  is  the  paper  written  by  Fisher  et 
al.  in  1998,  “Comparison  of  Low-cost  Hyperspectral  Sensors”  [21],  The  authors 


19 


provide  an  analysis  of  the  relative  merits  of  an  all-reflective  spectrograph  using  a 
convex  grating  in  an  Offner  (the  Offner  spectrometer  is  discussed  in  detail  below) 
configuration  as  well  as  two  off-the-shelf  transmission  grating  spectrographs  using 
volume  holograms.  The  authors  conclude  that  the  Offner  spectrograph’s  advantages 
in  lower  smile  (change  of  dispersion  angle  with  held  position,  a  type  of  abberation), 
larger  aperture,  fewer  components,  larger  held  and  broader  spectral  range  outweigh 
the  disadvantages.  Disadvantages  include  the  immaturity  of  the  technology  for  blazing 
on  convex  substrates  while  retaining  low  polarization  and  scatter  (curved  grating 
production).  Fisher  proves  to  be  a  good  judge  of  developing  technology  as  the  Offner 
conhguration  is  adopted  in  several  proposed  and  actual  instrument  designs  during  the 
2000s.  As  will  also  be  seen,  the  issue  of  curved  grating  production  has  advanced  as 
well,  so  the  technical  maturity  disadvantage,  as  seen  by  Fisher  et  al.,  has  diminished 
over  time  [21]. 

The  Offner  spectrograph,  also  called  the  Offner  Interferometer,  is  a  compact 
method  of  using  a  diffraction  grating  to  disperse  light  onto  an  FPA.  Although  there 
are  many  variations,  in  general  light  is  introduced  through  a  slit  opening  and  uses  a 
primary  mirror  to  divert  the  light  onto  a  reflecting,  curved  grating.  The  grating  is 
the  diffracting  element  in  the  optical  system.  It  is  configured  as  a  convex  reflector  to 
direct  the  light  to  the  next  optical  element  and  to  broaden  the  diffraction  pattern.  This 
allows  for  greater  spectral  resolution.  The  diffracted  light  is  then  reflected  off  another, 
secondary,  mirror  and  sent,  usually  via  some  type  of  collimator,  to  a  focusing  lens  and 
hence  to  the  FPA.  Besides  the  curved  diffraction  grating,  an  important  feature  of  the 
Offner  design  is  that  the  mirrors  are  spherical  mirrors.  Spherical  mirrors,  as  opposed 
to  parabolic  or  hyperbolic  mirrors,  are  much  easier  to  design  and  manufacture.  The 
wave  equations  detailing  the  optical  system  is  far  simpler  with  spherical  mirrors.  In 
addition,  spherical  mirrors  generally  have  shorter  focal  length  and  thus  the  system 
as  a  whole  is  much  more  compact.  Figure  2.2  is  a  simple  schematic  of  the  Offner 
conhguration.  The  most  challenging  aspect  of  this  conhguration  is  the  manufacture 
of  the  convex  grating  as  noted  by  Fisher  in  1998.  By  2007  these  difficulties  were  being 
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overcome,  .  .  progress  in  electron-beam  technology  has  permitted  fabrication  of 
the  required  high  performance  convex  gratings  for  the  relatively  difficult  design  of  the 
Offner  spectrometer.”  [45]  The  advantages  of  using  a  grating  in  a  small  volume  design 
make  the  Offner  configuration  an  attractive  option  for  hyperspectral  instrumentation. 
Beyond  this,  using  an  all  reflective  Offner  design  (actually  any  all  reflective  design) 
eliminates  chromatic  aberration  [32],  This  is  an  important  consideration. 


In  surveying  the  currently  proposed  or  fully  designed  space-based  hyperspectral 
imaging  instruments  there  are  several  design  characteristics  that  most  of  these  instru¬ 
ments  share.  The  first  is  that  most  incorporate  a  pushbroom  scan  technique  to  gather 
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spatial  and  spectral  data  using  a  2-D  FPA  and  gather  spatial  data  in  the  crosstrack 
dimension  and  spectral  in  the  direction  of  motion  [17,21,26,30,33,40].  Pushbroom 
scanning  is  favored  because  it  is  more  efficient  than  whiskbroom  and  less  complicated 
than  low  orbit  step  stare  methods.  It  should  be  mentioned  that  there  is  a  subset 
of  the  step  stare  method,  simple  staring.  When  an  instrument  is  at  geosynchronous 
orbit  and  is  concerned  with  continuing  surveillance  of  a  fixed  piece  of  terrain  it  stares 
at  its  field-of-view  without  moving.  In  this  case  the  instrument  would  not  need  to 
“step”  obviously  and  so  would  be  less  complicated  since  no  slewing  is  involved.  Of 
course  at  approximately  36,000  km  distance  from  the  earth’s  surface  the  optics  must 
be  considerably  more  powerful  or  grossly  poorer  resolution  must  be  accepted.  As 
mentioned  above,  one  hyperspectral  imager  that  is  planned  for  geosynchronous  orbit 
at  this  time  is  the  GIFTS  instrument  on  NASA’s  EO-3  mission.  There  is  no  set  date 
for  the  launch  of  this  satellite. 

Advances  in  optical  manufacture  have  made  the  Offner  type  of  assembly  a  very 
attractive  option.  Of  the  proposed  constructs  since  about  2003,  use  of  a  convex 
diffraction  grating  of  some  type  is  by  far  the  most  common  as  documented  in  studies 
by  Fisher,  Murguia,  Johnson,  and  Yiqun  et  al  [21,30,32,36].  These  constructs  have 
the  advantages  of  using  a  reflective  optical  assembly  in  a  configuration  that  minimizes 
the  instruments  mass  and  volume,  offers  good  performance  and  is  less  complex  than 
a  traditional  reflecting  telescope  optic. 

This  is  not  to  say  that  the  Offner-convex  grating  is  the  only  type  of  hyperspectral 
design  being  proposed.  For  example,  Chowdhury  and  Murali’s  2006  proposal  for  a 
selectable  band  compact  hyperspectral  imager  uses  a  very  complex  combination  of  lens 
optics  for  light  gathering  and  collimation.  A  two  dimensional  Linear  Variable  Filter 
for  spectral  separation  and  selection  and  an  Active  Pixel  Sensor  area  array  are  also 
employed  (Figure  2.3).  The  authors  argue  that  this  design  will  result  in  an  instrument 
of  less  than  4  Kg  mass  and  <  10W  power  requirement  with  a  spectral  resolution 
capability  of  approximately  6nm  in  512  contiguous  bands  from  .4  —  .9/un  [17]. 
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Figure  2.3:  The  Chowdhury  lens-based,  compact  HSI  design  [17]. 

Several  other  recent  papers  bring  up  other  intriguing  possibilities  for  space- 
based  hyperspectral  remote  sensing.  Two  of  these  are  the  2004  Johnson  et  al.  paper 
and  the  very  recent  (2008)  work  by  Kaiser  et  al  [31,33].  The  Kaiser  work  discusses 
the  design  for  the  Environmental  Mapping  and  Analysis  Program  (EnMAP)  HSI. 
EnMAP  is  a  German  hyperspectral  space  mission  for  environmental  monitoring  and 
data  collection.  It  is  currently  scheduled  for  launch  in  2012. 

EnMAP  uses  an  Offner  design  derivative,  but  employs  a  curved  prism  with  a 
reflective  backside  rather  than  a  grating  as  the  dispersive  element  (Figure  2.4).  The 
authors  argue  that  while  the  Offner  design  offers  very  compact  dimensions,  excellent 
linearity  and  low  distortion,  diffraction  gratings  are  plagued  by  low  optical  throughput 
due  to  limited  diffraction  efficiency.  Gratings  also  suffer  from  high  sensitivity  to 
polarization  and  ghosting  due  to  higher  order  aberration  effects.  Prism  spectrometers 
by  contrast  offer  high  throughput  over  a  wide  spectral  range  and  lower  sensitivity 
to  polarization.  If  used  in  a  double-pass  configuration,  they  also  offer  high  angular 
dispersion,  and  therefore  greater  spectral  resolution  in  a  given  image  space.  For  this 
particular  instrument  the  light  is  split  into  two  bands,  VNIR  from  400  -  900nm,  and 
SWIR  covering  900  -  2450nm.  It  is  designed  for  a  high  spectral  resolution  of  about 
6.5nm  in  the  VNIR.  The  use  of  the  Offner  design  allows  the  EnMAP  spectrometer  to 
be  so  compact  that  there  is  no  need  for  separate  collimator  and  prisms  placed  in  the 
collimated  light  beam.  Rather,  “the  prisms  are  arranged  in  the  diverging  and  in  the 
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converging  beam.  This  requires  the  prisms  to  have  curved  surfaces  as  the  angles  of 
incidence  must  be  kept  constant  for  single  field  points  and  wavelengths.”  [33] 


The  overall  EnMAP  system  configuration  can  be  seen  in  Figure  2.5.  The  front 
end  telescope  provides  the  object  radiance  to  the  rest  of  the  instrument.  The  light 
is  then  split,  with  part  going  to  the  VNIR  spectrometer  and  part  going  to  the  SWIR 
spectrometer.  Each  spectrometer  uses  two  curved  prisms  and  three  mirrors  as  shown. 

The  Kaiser  work  is  highlighted  here  to  illustrate  the  rapid  and  innovative  de¬ 
velopments  that  are  taking  place  in  the  optics  field  in  general,  and  in  hyperspectral 
imager  design  specifically.  High  capability,  compact,  low  power  and  lightweight  in¬ 
struments  are  becoming  more  and  more  of  the  norm.  These  developments  must  be 
closely  tracked  due  to  their  potential  to  impact  design  choices  for  the  CTEx  and 
especially  any  possible  follow-on  instruments. 

The  other  paper  of  particular  significance  is  the  work  of  Johnson  et  al.  “An  All- 
Reflective  Computed  Tomography  Imaging  Spectrometer,”  published  in  2004.  The 
authors  describe  the  design  and  laboratory  results  of  an  instrument  they  call  the 
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Figure  2.5:  EnMAP  optical  system  design  [33] 


“computed  tomographic  imaging  spectrometer  (CTIS),”  [32],  They  go  on  to  charac¬ 
terize  CTIS  as  an  instrument  which  simultaneously  captures  spectral  and  2-D  spatial 
content.  Noting  that  this  implies  a  temporal  capability  for  the  instrument,  the  au¬ 
thors  write,  “CTIS  accomplishes  this  by  feeding  incident  scene  radiation  through  a 
computer  generated  hologram  (CGH)  in  Fourier  space.”  [32,  88]  The  paper  describes 
the  “standard”  CTIS  as  an  objective  assembly  that  images  a  scene  and  collimates  the 
light  from  that  scene  onto  a  CGH.  A  CGH  is  a  type  of  diffraction  grating  designed  so 
that  light  of  a  particular  wavelength  band  is  reflected  while  another  is  passed  through. 
Using  materials  of  differing  index  of  refraction,  part  of  the  light  is  split  onto  paths 
of  varying  optical  path  distance  -  enabling  the  use  of  Fourier  techniques  as  described 
earlier  in  this  chapter.  Figure  2.6  shows  an  example  of  the  “generalized  CTIS”  as 
presented  by  Johnson  et  al. 
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Figure  2.6:  Generalized  CTIS  layout  [32,  89] 


The  Johnson  paper  goes  on  to  explain  how  the  authors  have  taken  this  general¬ 
ized  CTIS  layout  and  adapted  it  to  an  Offner  spectrometer  design  (Figure  2.7).  This 
design  and  its  laboratory  output  appears  to  provide  similar  data  to  CTHIS.  However, 
it  is  difficult  to  make  direct  comparisons  between  the  instruments  (see  section  2.4  for 
a  full  description  of  the  CTHIS  laboratory  instrument.)  The  system  evaluation  pro¬ 
vided  in  the  Johnson  paper  does  not  provide  enough  information  to  form  an  objective 
judgment.  The  evidence  suggests  there  is  merit  to  this  form  of  chromotomographic 
imaging.  Figure  2.8  demonstrates  laboratory  results  of  the  CTIS  laboratory  instru¬ 
ment.  The  image  displayed  illustrates  angular /spectral  dispersion  of  three  sources 
imaged  simultaneously:  a  Mercury  Argon  source,  a  red  light  emitting  diode,  and  a 
white  light  source.  This  result  proves  the  capability  of  this  instrument  to  perform  to¬ 
mographic  projections,  the  same  spectral  reconstruction  technique  used  by  the  CTHIS 
instrument.  Therefore,  the  Computed  Tomography  Imaging  Spectrometer  may  be  a 
viable  option  for  gathering  rapidly  changing  spectral  data  for  a  dynamic  event.  How¬ 
ever,  the  fact  that  the  laboratory  CTIS  instrument  uses  a  Coupled  Charge  Device 


FPA 
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(CCD)  for  the  focal  plane  array,  as  noted  in  the  figure,  means  data  throughput  is 
probably  limited  to  relatively  slow  speed.  This  would  bound  its  utility  for  capturing 
very  fast  transient  events  such  as  explosions.  At  this  time  though,  there  is  not  enough 
data  to  fully  evaluate  CTIS  in  comparison  with  the  CTHIS  instrument. 


Convex  Grating 


Concave  Mirrors 


Resolution  Chart 


Visible  CCD  Camera 


Figure  2.7:  Laboratory  model  of  the  CTIS  spectrometer.  Note  that  the  camera  is 
CCD-based  [32,  93]. 


2.3  Operational  Instrument  Review 

The  operations  of  the  LandSat  Thematic  Mapper  multispectral  and  the  AVIRIS 
hyperspectral  satellite/instruments  were  introduced  in  Chapter  I  to  demonstrate  some 
basic  concepts  in  spectral  imaging.  Both  of  these  instruments  use  the  “whisk  broom” 
side-to-side  sweep  for  collection  and  spectral  Liters  with  diffraction  gratings  to  sep- 
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Figure  2.8:  Lab  result  of  Offner  CTIS  showing  a  Mercury  Argon  source,  red  LED,  and 
white  light  background  imaged  simultaneously.  This  image  demonstrates 
high  quality  tomographic  projection  [32,  94], 


arate  spectral  bands.  While  the  TM  is  a  multispectral  instrument  and  AVIRIS  is 
hyperspectral,  both  of  these  instruments  cover  a  very  broad  total  spectral  band,  from 
visible  to  short  or  mid  wave  IR.  This  being  the  case,  a  fairly  complicated  physical 
arrangement  is  necessary  since  multiple  focal  plane  arrays  based  on  different  materi¬ 
als  are  required.  Focal  plane  array  materials  are  selected  depending  on  the  area  of 
the  EM  spectrum  that  must  be  observed.  This  is  due  to  the  fact  that  photodiode 
materials  have  finite  areas  of  the  EM  spectrum  in  which  they  are  sensitive. 

Silicon-based  FPAs,  for  example,  are  sensitive  from  about  300  -  1000  nm,  al¬ 
though  that  range  can  be  extended  slightly  with  the  application  of  particular  reflective 
coatings  or  through  customized  physical  arrangements.  Other  common  infrared  pho¬ 
todiode  materials  include  Indium  Antiminide  (InSb),  Germanium  (Ge)  and  Mercury 
Cadmium  Telluride  (HgCdTe).  Figure  2.9  shows  the  spectral  ranges  of  several  detec¬ 
tors  based  on  some  of  these  materials.  The  y-axis  of  the  graph  is  essentially  a  scale 
of  signal-to-noise  sensitivity.  There  are  multiple  HgCdTe  detectors  shown  since  the 
spectral  range  of  this  photodiode  material  can  be  varied  depending  on  the  relative 
percentages  of  the  three  elements  making  up  the  material. 

There  are  numerous  multi  and  hyperspectral  imagers  in  use  today  (Appendix 
A) .  To  provide  a  baseline  representation  for  operational  instruments  and  a  context  for 
the  CTEx  instrument,  two  specific,  representative  operational  hyperspectral  imagers 
will  be  introduced.  One  is  the  Hyperion  imager  and  the  other  the  Mars  Observer 
spectrometer. 

The  Hyperion  hyperspectral  instrument  was  specifically  chosen  for  closer  scrutiny 
in  the  background  section  of  this  thesis  because  of  its  clear  analogous  connections  with 
CTEx.  Built  by  TRW  corporation  for  NASA,  Hyperion  was  designed  and  operated  as 
an  important  demonstration  and  flight-validation  instrument  for  hyperspectral  Earth 
observation.  Launched  in  2000,  it  was  the  first  imaging  spectrometer  to  routinely 
collect  science-grade  hyperspectral  data  from  orbit  [38].  Its  mission  was  to  demon¬ 
strate  and  evaluate  the  capabilities  of  space-based  imaging  spectrometry  for  earth 
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Figure  2.9:  Example  IR  photodiode  ranges  [39]. 


observation,  to  include  geological,  agricultural,  environmental  and  other  earth  science 
fields. 

Hyperion  is  a  diffraction-grating  based,  pushbroom  collection  type  of  imager. 
Its  total  spectral  coverage  is  from  .4  -  2.5  /irn  broken  into  VNIR  and  SWIR  bands. 
The  VNIR  coverage  is  from  400  -  1000  nm  while  the  SWIR  runs  from  900  -  2500  nm. 
The  100  nm  overlap  was  intentional  to  allow  cross  calibration.  Each  spectral  band, 
VNIR  and  SWIR,  has  its  own  grating  spectrometer  and  focal  plane  array.  There 
is  a  common  fore-optic  telescope  that  serves  both  spectrometers.  This  telescope  is 
a  three-mirror  anastigmat  design.  The  mirrors,  as  well  as  all  optical  structure,  are 
constructed  from  the  same  material,  aluminum,  to  minimize  the  possibility  of  induced 
internal  structural  stress  from  variations  in  material  coefficients  of  thermal  expansion. 
This  point  will  figure  prominently  in  discussions  of  CTEx  issues  in  Chapter  III. 

Both  of  Hyperion’s  spectrometers  use  an  Offner  optical  configuration  with  a 
convex  grating  on  the  secondary  element  [38].  The  SWIR  detector  is  a  HgCdTe  array 
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Table  2.1:  Hyperion  design  parameters  and  on-orbit  performance 


Parameter 

Flyperion 

Characteristic 

On-Orbit 

Volume (L  x  W  x  H,cm) 

39  x  75  x  66 

GSD(rn) 

30.38 

Mass  (kg) 

49 

Swath  (km) 

7.6 

Avg  Power  (W) 

51 

VNIR  MTF@630nm 

0.23-0.27 

Aperture  (cm) 

12 

SWIR  MTF@1650nm 

0.28 

IFOV(mrad) 

0.043 

Spatial  Co-Reg: VNIR 

,18@Pix  #  126 

Crosstrack  FOV(deg) 

0.63 

Abs.  Radiometry(l  Sigma) 

3.40% 

Wavelength  Range (nm) 

400-2500 

VNIR  SNR  (550-700m) 

140-190 

Spectral  Resolution  (nm) 

10 

No.  of  Spectral  Channels 

198  Processed 

Spectral  Bands 

220 

VNIR  (bands  8-57) 

427-925nm 

Digitization 

12 

VNIR  Bandwidth(nm) 

10.19-10.21 

Frame  Rate(Hz) 

223.4 

VNIR  X-trk  Spec,  error 

2.2nm 

cooled  to  115  K  with  a  cryocooler  during  data  collection.  The  significance  of  this  is 
that  detectors  in  the  IR  range  require  cooling  for  good  performance  and  the  addition 
of  cooling  increases  complexity,  power  requirements  and  risk.  This  will  be  taken  into 
account  in  recommended  choices  for  CTEx  operating  parameters. 

The  Hyperion’s  EO-1  host  satellite  is  in  a  polar,  circular,  sun-synchronous  or¬ 
bit  at  98.7  inclination.  The  orbit  follows  that  of  Landsat-7  by  one  minute.  This 
orbital  configuration  was  chosen  to  provide  validation  and  comparison  between  the 
two  instruments.  The  close  proximity  allows  Hyperion  to  image  the  same  scenes  as 
the  Landsat  TM  under  essentially  the  same  conditions,  providing  valid,  comparable 
samples. 

Hyperion  was  designed  for  a  one-year  lifetime,  although  it  served  for  over  two 
before  the  “Hyperion  Validation  Report,”  by  Pearlman  was  written  [38].  The  design 
characteristics  and  on-orbit  performance  of  Hyperion  are  listed  in  Table  2.1.  One  of 
the  most  relevant  aspects  of  the  Hyperion  instrument  in  relation  to  the  planned  de¬ 
sign  and  operation  of  CTEx  is  that  of  calibration.  Extensive  pre-launch  spectral  and 
optical  radiometric  calibration  using  National  Institute  of  Standards  (NIST)  trace¬ 
able  sources/detectors  were  completed  in  a  thermal  vacuum  chamber.  Additionally, 
four  techniques  for  on-orbit  radiometric  calibrations  were  including  in  the  Hyperion 


31 


design/planning.  These  techniques  were  solar,  lunar,  on-board  lamps,  and  vicarious 
Earth  observations.  The  spacecraft,  EO-1,  was  able  to  slew  to  point  the  Hyperion 
instrument  at  the  sun  or  moon  which  provided  known  baselines  for  comparison  and 
biasing  of  the  raw  spectral  image  data  being  output  by  the  instrument.  Internal  cal¬ 
ibration  lamps  were  included  in  the  system  design  as  well,  although  many  of  these 
failed  early  in  the  flight.  Vicarious  calibration  was  a  technique  whereby  the  instru¬ 
ment  would  image  a  characterized  test  area  on  the  earth’s  surface.  These  calibrations 
were  performed  using  ground  instruments  to  provide  on-site  surface  measurement 
and  atmospheric  characterization  [38,  6-29].  The  author  refers  to  this  type  of  calibra¬ 
tion  as  “vicarious”  because  the  earth  imaging  calibration  was  only  a  substitute  and 
supplement  for  the  other,  more  precise,  methods. 

One  of  the  most  important  lessons  to  be  taken  from  the  Hyperion  instrument  is 
that  for  a  technology  demonstration,  such  as  with  Hyperion  or  CTEx,  it  is  crucial  that 
some  means  for  precise  calibrations  are  including  in  the  planning.  Comparison  of  the 
instrument’s  design  capabilities  with  actual  performance  against  a  reliable  yardstick 
is  necessary  if  the  experimental  results  are  to  be  interpreted  in  a  valid,  quantifiable 
way. 

One  other  instrument  that  is  currently  in  use  and  is  also  very  relevant  to  the 
CTEx  design  trade-space  study  is  the  Compact  Reconnaissance  Imaging  Spectrometer 
for  Mars  (CRISM).  CRISM  is  a  hyperspectral  imager  on  board  the  Mars  Reconnais¬ 
sance  Orbiter  (MRO),  launched  in  August  2005.  The  MRO  entered  its  science  orbit 
around  Mars  13  months  after  launch.  The  orbit  is  a  near  circular  (apogee  of  320  km, 
perigee  of  255  km),  near  polar,  sun- synchronous  orbit.  The  expected  lifetime  of  the 
MRO  is  about  five  and  a  half  years  on  orbit. 

CRISM’s  primary  mission  is  detection  and  characterization  of  geological  mineral 
deposits  on  Mars’  surface.  It  uses  a  441-mm  focal  length  Ritchey-Chretien  telescope 
with  a  10-crn  instrument  aperture  that  brings  light  to  a  focus  along  a  slit  for  its  front- 
end  optic.  It  is  designed  to  use  a  pushbroom  collection  technique,  where  the  slit,  as 
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normal,  separates  the  scene  into  spectral  (along  flight  path)  and  spatial  (crosstrack) 
elements  to  create  a  hyperspectral  cube  as  the  instrument  operates  in  orbit.  The 
spectral  range  is  from  383  to  3960nm.  Collected  light  is  split  by  a  dichroic  into  VNIR 
and  SWIR  bands  (383  -  1071nm  and  988  -  3960nm).  The  instrument  uses  a  mod¬ 
ified  Offner  spectrometer  design  to  spectrally  disperse  each  beam  onto  its  own  2-D 
FPA.  The  VNIR  FPA  is  a  640  X  480  pixel  silicon  photodiode  detector  array,  indium- 
bump-bonded  to  a  readout  integrated  circuit  (ROIC).  The  IR  FPA  is  a  640  X  480 
pixel  HgCdTe  detector,  also  indium-bump-bonded  to  a  ROIC.  These  CMOS  (Compli¬ 
mentary  Metal  Oxide  Semiconductor)  FPAs  were  both  designed  and  produced  by  the 
Rockwell  Science  Center  (now  part  of  Teledyne  Scientific  and  Imaging,  LLC).  Spectral 
resolution  is  better  than  7  nm  per  channel  with  spatial  resolution  averaging  about 
17  m  (61.5  /irad  IFOV)  depending  on  altitude  [43].  A  schematic  of  the  instrument 
layout  is  presented  in  Figure  2.10. 


Figure  2.10:  CRISM  optical  design  [1] 

As  for  Hyperion,  the  focus  of  attention  will  mainly  be  directed  at  the  VNIR 
application.  The  IR  requirement  for  CRISM  makes  the  instrument  much  more  com¬ 
plicated  since  it  demands  active  cooling  with  the  inherent  supporting  structure  and 
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control  electronics.  One  of  the  aspects  of  CRISM  that  is  particularly  interesting  is  its 
optional  collection  regime.  CRISM  is  designed  so  that  it  can  perform  basic  surface 
mapping  with  limited  resolution  through  pixel  binning  (5:1  or  10:1).  Pixel  binning 
is  an  electronic  technique  whereby  groups  of  pixels  in  the  focal  plane  array  are  read 
as  one.  This  lowers  the  data  throughput  requirement  (i.e.  the  reset  speed  needed 
for  the  FPA)  at  a  cost  in  spatial  resolution.  In  this  way  CRISM  can  conduct  large 
scale  mapping  in  a  timely  manner  at  a  reasonable  resolution.  When  a  particular  area 
elicits  greater  interest,  the  instrument  can  be  switched  to  a  targeted  mode  where 
the  full  resolution  capability,  using  all  pixels  separately,  is  used.  In  targeted  mode, 
CRISM  also  has  a  60°  along  track  slewing  capability.  The  slewing  allows  the  optics 
to  maintain  a  particular  IFOV  and  uses  a  staring  collection  technique.  Staring  allows 
for  much  better  integration  and  signal-to-noise  (SNR)  for  the  area  of  interest.  It  also 
eliminates  along-track  motion  in  the  held-of-view  and  so  reduces  aberration  due  to 
smearing.  CRISM  uses  a  rotating  gimbal  to  perform  slewing  maneuvers. 

CRISM  consists  of  three  main  components,  the  Optical  Sensor  Unit  (OSU),  the 
Gimbal  Motor  Electronics  (GME),  and  the  Data  Processing  Unit  (DPU)  Figure  2.12. 
The  optical  assembly  uses  all-aluminum  mirrors  and  structure  like  Hyperion,  to  min¬ 
imize  thermal  expansion  induced-optical  misalignment.  Even  though  this  material 
design  feature  was  incorporated  into  the  instrument,  thermal  vacuum  testing  was  still 
conducted  on  the  optical  subassembly.  This  testing  consisted  of  six  cycles  between 
30  and  — 90°C  for  the  telescope  and  30  to  — 115°C  for  the  spectrometers,  with  dwell 
time  of  one  hour  at  each  extreme.  Results  of  thermal  testing  were  that  focal  plane 
position  repeatability  was  <  0.1  mrad  in  roll  and  <  0.18mrad  in  tilt,  both  of  which 
were  better  than  required.  “Decenter  repeatability  was  within  20  microns,  and  focus 
repeatability  was  within  30  microns,  both  also  meeting  requirements.”  [43,  101-102] 
The  authors  of  the  Silverglate  et  al.  study  on  CRISM  characterization  results  con¬ 
cluded  that,  “The  excellent  performance  of  the  OMS  (Opto- Mechanical  Subsystem) 
at  temperature  may  be  attributed  to  the  use  of  an  all  aluminum  structure  and  all 
aluminum  mirrors.”  [43,  102] 
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Measurements  of  the 
emission  phase  function 
at  each  target  and  as  a 
global  grid  every  9"  of  Ls 
track  seasonal  changes  in 
aerosol  properties,  CO 
and  water  vapor,  and  the 
hydration  state  of 
the  surface 


i 


Glmbaling  takes  out  along-track  motion  of 
the  field-of-view,  and  allows  longer  integration 
times  and  higher  SNR 


Targets  are  Imaged  at  18  m/plxel 
(from  300  km).  High  spectral  resolution 
(6.8  nm/channel)  and  coverage  of 
carbonate  fundamentals  at  3800-4000  nm 
allow  low  concentrations  of  aqueous 
minerals  in  small  outcrops  to  be  identified 


When  not  measuring  targeted 
sites,  CRISM  will  survey  Mars  at 

100-200  m/pixel  at  ~60  key  wavelengths 
to  discover  new  high-priority  sites 
below  the  resolution  of  previous  data 


Figure  2.11:  CRISM  slewing  strategy  [35] 

Other  pre-flight  testing  included  vibration  testing  at  28  g’s  rms  in  the  lateral 
axes  and  30.5  g’s  in  the  thrust  axis  for  one  minute  [43,  102],  These  tests  were  designed 
to  assess  system  survivability  under  the  stresses  of  launch,  to  include  both  lift-off  as¬ 
sociated  acceleration  and  acoustics  induced  vibration.  Ground  calibration  occurred 
in  a  series  of  stages  where  the  detector  arrays  were  characterized,  optical  distortion 
and  other  biases  catalogued,  subsystems  and  the  system  as  a  whole  were  tested  at 
temperature,  and  system  collimation  was  tested.  Several  on-orbit  calibration  capa¬ 
bilities  are  also  incorporated  into  CRISM.  These  include  shutter-closed  “black  body” 
measurements  of  IR  noise,  spectral  measurements  using  an  internal  integrating  sphere 
and  internal  lamps,  as  well  as  the  capability  to  conduct  calibration  using  star  mea¬ 
surements. 
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Figure  2.12:  CRISM  subassemblies  [43] 


A  full  schematic  of  the  CRISM  design  is  provided  in  Figure  2.13.  Note  how  the 
cooling  requirement  adds  size  and  complexity  to  this  design. 

Even  with  cooling,  the  entire  instrument  has  a  total  mass  of  only  32.92  kg  and 
power  draw  during  operation  of  44.4  -  47.3  W  [1].  A  view  of  the  optical  assembly 
and  a  blow  up  drawing  of  the  entire  instrument  is  provided  in  Figure  2.14.  The  light 
weight  and  compact  size  of  CRISM  are  important  considerations  for  design  of  any 
space-based  hyperspectral  imager. 

To  summarize,  Hyperion  and  CRISM  are  two  examples  of  space-based  hyper¬ 
spectral  imagers  which  provide  excellent  baseline  trade-space  analysis  that  can  be 
applied  to  CTEx.  The  Hyperion  an  CRISM  HSIs  both  use  a  polar,  near  circular,  low 
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Figure  2.13:  Block  diagram  of  CRISM  key  components  [42] 
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Figure  2.14:  CRISM  optical  assembly  and  component  blow  up  [43] 
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orbit,  although  CRISM  is  orbiting  Mars  rather  than  Earth.  The  spectral  and  spa¬ 
tial  resolution  requirements  for  these  imagers  are  comparable  with  CTEx  as  well.  In 
addition  Hyperion  and  CRISM  are  designed  to  produce  science-grade  hyperspectral 
data. 

The  most  important  aspects  of  Hyperion  and  CRISM  of  which  to  take  note  are 
the  compact  optical  designs,  the  careful  attention  paid  to  structural  materials  used 
to  mitigate  thermal  cycling  problems,  the  extensive  on-ground  testing  and  calibra¬ 
tion  performed  pre- flight,  and  the  on-orbit  calibration  capabilities.  All  of  these  are 
directly  applicable  to  design  considerations  for  CTEx  and  will  be  discussed  in  depth 
in  Chapters  III  and  IV  of  this  thesis. 

2.4  CTHIS  prototype 

The  CTHIS  is  in  large  part  a  system  of  optical  devices  (Figure  2.15).  Light  is 
collected  and  collimated  through  a  front-end  optic  consisting  of  two  converging  lenses 
with  an  intervening  field  stop.  That  light  column  then  passes  through  a  direct  vision 
prism  where  it  is  dispersed  according  to  its  wavelength,  with  one  wavelength  passing 
through  undeviated.  The  dispersed  light  then  passes  through  a  converging  lens,  which 
focuses  the  light  onto  a  focal  plane  array.  The  FPA  is  an  array  of  photovoltaic 
elements  which  react  to  the  intensity  and  location  of  the  light,  converting  the  EM 
energy  into  electrical  signals  which  are  ultimately  transferred  and  stored  as  digital 
readout  information.  The  amount  of  deviation  from  the  central  point,  the  undeviated 
wavelength,  on  the  array  provides  information  on  the  wavelength  of  the  light,  since 
the  deviation  is  a  function  of  the  wavelength  and  the  prism  characteristics. 

As  the  prism  rotates,  the  FPA  collects  the  scene  information  as  described  above 
for  each  prism  rotation  angle  depending  on  the  reset,  or  frame  rate,  of  the  FPA.  One 
complete  revolution  of  the  prism  will  then  constitute  a  complete  hyperspectral  cube. 
Mathematical  reconstruction  of  the  multiplexed  imaged  scene  is  then  possible  in  any 
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Figure  2.15:  CTHIS  laboratory  design 


or  all  of  the  spectral  bands  for  which  the  instrument  is  designed,  that  is,  according  to 
the  spectral  resolution.  This  process  is  demonstrated  in  Figure  2.16. 

One  important  aspect  that  differentiates  CTHIS  from  other  hyperspectral  im¬ 
agers  is  the  action  of  the  prism.  In  this  device  the  prism  is  rotated  at  some  specified 
rate  over  time.  This  rotation  provides  a  tomographic  imaging  capability  which  is 
important  in  reconstructing  an  entire  scene.  Assuming  the  device  is  staring  at  a  par¬ 
ticular  scene,  there  are  many  objects  present  in  that  scene  and  many  of  them  will  be 
reflecting  light  in  the  same  spectral  bands.  For  example,  for  simplicities  sake  assume 
the  scene  being  imaged  consists  of  a  tree,  some  grass,  and  a  shed.  Clearly  there  will 
be  more  than  one  source  of  EM  energy  over  the  “green”  portion  of  the  spectrum.  In 
a  single  image  the  light  reflected  from  the  scene  reaches  the  prism  and  is  dispersed 
into  its  spectrum,  which  is  then  focused  on  the  FPA.  The  spectrum  is  spread  around 
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Figure  2.16:  Chromotomographic  reconstruction  of  number  figures.  The  original  im¬ 
age  is  all  numbers  laid  on  top  of  one  another.  Each  is  in  a  different 
spectral  band.  The  demultiplexing  of  the  gathered  image  data  allows 
reconstruction  of  each  number  as  a  separate  image  according  to  its  spec¬ 
tra  [15]. 


the  undeviated  wavelength  of  the  direct  vision  prism,  the  angle  of  diffraction  being  a 
function  of  wavelength  and  the  prism  characteristics.  Since  there  are  multiple  wave¬ 
lengths  at,  say  550  nm,  how  can  the  image  scene  be  reconstructed?  This  is  where 
the  tomographic  aspects  of  the  instrument  come  into  play.  As  the  prism  rotates 
wavelength  dependent  circles  are  imaged  around  the  central  wavelength  point.  The 
process  is  analogous  to  medical  tomography  where,  for  example,  x-rays  are  passed 
through  the  body  along  varying  angles;  the  images  taken  along  varying  planes  are 
multiplexed  on  top  of  one  another.  Through  Fourier  analysis,  the  scene  in  our  case, 
or  a  particular  slice  of  the  body  in  the  medical  case,  can  be  reconstructed  -  pulled 
out  of  the  multiplexed  data.  Whereas  in  the  medical  case  this  is  accomplished  for 
numerous  spatial  planes  in  the  body,  chromotomography  uses  the  same  principles  to 
process  data  spectrally,  reconstructing  the  scene  in  any  bandwidth  of  interest. 
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Depending  on  the  rate  of  rotation  of  the  prism  and  the  matching  camera  frame 
rate,  rapidly  evolving  spatial  and  spectral  events  such  as  explosions  or  a  rocket  motor 
firing  can  be  characterized.  As  an  example,  hypothesize  that  the  imager  is  tracking  a 
plot  of  ground  where  there  is  an  explosion.  As  the  fireball  expands  it  changes  in  both 
size,  the  spatial  dimension,  and  in  its  spectral  signature.  Both  the  spatial  and  spectral 
changes  can  now  be  tracked  over  time,  which  provides  much  more  information  on 
which  analysis  can  be  done.  Aspects  of  these  changing  parameters  can  be  analyzed 
to  determine  characteristics  such  as  the  type,  amount,  and  placement  (i.e.  above 
ground,  underground  etc.)  of  the  explosive.  In  other  words,  this  instrument  adds  a 
temporal  dimension  to  the  two  spatial  and  one  spectral  dimension  already  present  in 
a  “typical”  hyperspectral  cube.  Instead  of  just  a  cube,  the  fourth  dimension,  time, 
converts  the  cube  into  a  segmented,  three  dimensional  rectangle.  Rather  than  a  single 
image,  the  collected  data  is  more  like  a  movie,  where  changes  in  one,  several  or  all 
spectral  bands  can  be  tracked  and  plotted  over  time. 

Each  rotation  of  the  prism  provides  one  complete  hyperspectral  cube.  Therefore 
the  temporal  resolution  that  can  be  achieved  by  the  instrument  is  a  function  of  prism 
rotation  rate.  If  the  prism  is  rotating  at  10Hz  the  temporal  segmentation  will  be 
.1  second  chunks.  At  100Hz  rotation  rate  .01  second  time  steps  will  be  discernable. 
It  is  important  to  understand  this  time  dependent  relationship  since  various  events 
will  present  different  demands  for  temporal  clarity.  An  explosion  may  require  .01  or 
smaller  time  segments  to  allow  for  data  analysis  of  such  a  rapid  event.  A  test  rocket 
motor  bring  may  only  require  .1  second  steps  since  the  rocket  plume  maintains  a  more 
steady  state  over  time  than  the  explosion  fireball. 

As  can  be  seen  in  Figure  2.15  after  dispersal  into  its  spectrum  the  light  is  focused 
onto  the  2-D  focal  plane  array  of  a  fast  framing  camera.  This  is  the  point  at  which  the 
image  data  is  taken  into  digital  form  and  recorded  for  processing.  One  of  the  limiting 
factors  for  the  instrument  will  be  the  refresh  rate  of  the  FPA.  The  speed  at  which 
optical  information  can  be  transformed  from  photonic  to  an  electric  potential  and 
then  to  analog  or  digital  information  is  the  throughput  rate  of  the  FPA.  The  angular 
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image  capture  rate  then  is  equal  to  the  camera  frame  rate.  This  defines  the  amount 
of  image  data  taken  for  each  hyperspectral  cube.  To  illustrate,  if  the  rotation  rate  of 
the  prism  is  1Hz  and  the  camera  frame  rate  is  4Hz,  then  each  hyperspectral  cube  will 
be  constructed  from  image  data  taken  at  90,  180,  270  and  360  degrees  of  rotation, 
or  four  images.  The  greater  the  frame  rate  for  a  given  prism  rotation  rate,  the  more 
images  available  for  convolution  and  tomographic  processing.  Thus,  the  faster  the 
FPA  throughput  capability,  the  better  the  fidelity  of  the  resulting  data  cube. 

Besides  data  throughput,  the  size,  pixel  center-to-center  distance,  material  and 
type  of  processing  of  the  FPA  are  crucially  important  for  defining  maximum  spectral 
and  spatial  resolution,  bandwidth  sensitivity,  and  cost  for  the  instrument  as  a  whole. 
The  raw  data  from  CTHIS  is  stored  on  a  normal  hard  disk.  At  the  time  of  this  writing 
there  is  no  commercially  available  software  for  conducting  the  image  reconstruction 
and  spectral  analysis.  However,  several  researchers  have  written  or  outlined  algo¬ 
rithms  for  doing  so  [19,23].  Hyperspectral  imagery  tends  to  generate  large  amounts 
of  data  very  rapidly  so  another  important  aspect  to  performing  these  operations  is 
having  a  data  bus  capable  of  transferring  data  off  the  imaging  system  to  storage,  and 
of  course  adequate  storage  capability  for  reasonable  amounts  of  imaging  time  before 
processing  or  data  compression. 

2-4-1  Geometric  Optics.  The  system  being  used  as  the  basis  for  the  instru¬ 
ment  design,  as  seen  in  Figure  2.17,  begins  with  a  converging  lens,  followed  by  a  stop 
then  another  converging  lens. 

The  essential  principles  for  the  use  and  placement  of  this  lens  configuration  become 
clearer  upon  briefly  examining  some  basic  geometric  optics.  The  essential  relationship 
for  thin  lenses  is  noted  in  Equation  2.1 
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Figure  2.17:  CTHIS  lab  instrument  front-end  optics 


where  sQ  is  the  object  distance  from  the  lens,  ■sl  is  the  image  distance  and  /  is  the 
focal  length.  If  an  object  is  placed  a  great  distance  away  from  a  converging  lens 
in  comparison  with  the  lens’  focal  length,  the  image  distance  will  converge  to  that 
focal  length.  Similarly  if  an  object  is  placed  at  the  focal  length,  its  image  distance 
approaches  infinity  -  meaning  that  the  light  from  the  object  will  be  collimated  after 
passing  through  the  lens.  So  using  two  thin  converging  lenses,  if  the  image  from  the 
first  lens  serves  as  the  object  for  the  second  (that  is  their  focal  points  are  coincident) 
the  light  passing  through  the  optical  system  will  be  collimated.  The  stop  between  the 
two  lenses  serves  to  isolate  the  desired  object/image  from  stray  light.  These  principles 
are  demonstrated  in  Figure  2.18 
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Figure  2.18:  Thin  lens  optics  for  light  collimation 


As  can  be  seen  in  Figure  2.17,  the  actual  optics  in  the  CTHIS  are  rather  more  com¬ 
plicated. 

The  primary  and  secondary  lenses  are  not,  in  fact,  thin  lenses.  Instead  they  are 
achromatic  doublets.  Because  the  index  of  refraction  of  any  given  material  is  based 
on  the  wavelength  of  light  passing  through  it,  light  of  different  wavelengths  will  be 
refracted  by  different  amounts  in  the  same  material.  Thus  the  focal  length  of  a  lens 
changes  slightly  with  the  wavelength  of  the  light  passing  through  it.  As  shown  by  the 
Lens  Maker’s  Equation  below  (2.2)  the  focal  length  of  a  lens  depends  on  the  difference 
in  index  of  refraction  between  two  media  where  light  is  passing  from  one  to  the  other. 
As  index  of  refraction  is  dependent  on  wavelength,  light  of  differing  wavelengths  will 
be  refracted  by  different  amounts  passing  through  the  same  lens;  therefore  the  focal 
plane  will  also  be  different  for  different  wavelengths. 
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Figure  2.19  demonstrates  this  phenomena  graphically.  As  shown,  when  white 
light  passes  through  the  lens,  the  focal  length  for  the  blue  wavelength  (Fg)  is  shorter 
than  that  for  the  red  (Fg). 


Figure  2.19:  Chromatic  Aberration  [28] 


As  a  result,  optical  systems  using  lenses  often  use  an  achromatic  doublet  lens  design. 
Here  material  of  two  different  indices  of  refraction  are  mated  together  in  order  to 
produce  a  coincident  focal  point  for  both  red  and  blue  wavelengths.  Obviously  this 
is  still  not  a  perfect  solution  since  wavelengths  of  light  between  red  and  blue  will  still 
not  have  the  same  focal  point.  The  yellow  focal  point  in  Figure  2.20  below  illustrates 
this  problem.  The  lens  in  the  figure  is  a  compound  mating  of  two  materials,  labeled 
H i  and  H2.  In  fact  more  than  two  materials  can  be  used  to  further  reduce  chromatic 
aberration,  however  it  can  never  be  completely  eliminated  and  the  bonding  surfaces 
between  materials  introduce  their  own  aberrations  as  well. 
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From  the  second  lens,  the  collimated  light  passes  into  and  through  the  direct 
vision  prism  as  in  the  schematic  in  Figure  2.15.  A  direct  vision  prism,  like  an  achro¬ 
matic  doublet,  is  made  from  two  different  materials  with  different  indices  of  refraction. 
In  this  case  though,  the  desired  effect  is  to  have  one  wavelength  pass  directly  through 
the  prism  with  no  deviation  from  the  optical  axis.  All  other  wavelengths  will  be  re¬ 
fracted  according  to  their  wavelength  by  the  angle  of  refraction  of  the  prism.  Prism 
characteristics  can  be  customized  to  provide  a  greater  or  lesser  angular  deviation.  The 
angular  deviation  -  <5,  as  shown  is  Figure  2.21,  is  wavelength  dependent.  The  unique 
property  of  the  direct  vision  prism  is  that  for  one  specific  wavelength  the  angular  de¬ 
viation  is  zero.  This  is  the  key  operating  principle  that  enables  chromotomographic 
reconstruction. 


Figure  2.21:  Dispersing  prism 


In  the  laboratory  CTHIS  instrument  the  direct  vision  prism  is  a  custom-made  piece 
from  Schott  Optisches  Glas  of  Germany.  Prism  characteristics  are  available  in  Ap¬ 
pendix  B. 

From  the  direct  vision  prism  the  dispersed  light  is  passed  through  a  focusing 
lens  which  directs  the  image  onto  the  focal  plane  array  of  the  instrument.  In  the 
laboratory  instrument  the  focusing  lens  and  FPA  are  contained  in  a  single  fast-framing 
video  camera,  seen  in  Figure  2.22  to  the  left  of  the  prism  instrument.  The  image  is 
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transferred  as  digital  data  from  the  camera  to  a  desk  top  computer  where  it  can 
be  demultiplexed  and  manipulated  according  with  Fourier  transform  algorithms  as 
discussed  by  Dearinger,  Gould  and  Bostick  [16,19,23] 


Figure  2.22:  Direct  vision  prism  in  rotator 


This  prototype  laboratory  device  then  forms  the  basis  upon  which  the  CTEx  instru¬ 
ment  will  be  designed.  The  first  order  engineering  analysis  is  presented  in  Chapter 

III. 
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III.  CTEx  Design  and  Trade  Space 

The  objective  of  this  chapter  is  to  take  the  principles  for  chromotomographic  imaging 
as  described  for  the  CTHIS  laboratory  model  in  the  last  chapter  and  translate  them 
into  a  proposed  design  for  the  space-based  experiment,  the  CTEx.  The  requirements 
for  the  CTEx  instrument  are  rather  straightforward  and  would  seem  to  allow  for  a 
great  deal  of  design  choice.  Fundamentally,  there  a  several  requirements  that  will 
tend  to  override  most  other  considerations.  These  are  discussed  in  the  next  section. 

3.1  Requirements  and  Assumptions 

The  CTEx  is  required  to  demonstrate  multispectral  chromotomographic  imag¬ 
ing  from  orbit  using  a  rotating  prism  as  the  dispersive  element.  It  will  operate  in  orbit, 
taking  imagery  of  selected  ground-based  targets  to  determine  if  the  instrument  can 
gather  useful  hyperspectral  data.  It  should  also  demonstrate  unique  capabilities,  or 
the  potential  for  those  capabilities,  which  will  distinguish  it  from  other  hyperspectral 
imagers  already  in  operation.  There  are  three  goals  defining  success  for  CTEx: 

1.  Obtain  hyperspectral  imagery  of  a  static  scene. 

2.  Obtain  hyperspectral  imagery  of  a  large-scale  event  that  changes  spectrally  and 
spatially  in  time,  but  at  a  relatively  moderate  rate. 

3.  Collect  hyperspectral  data  on  a  very  rapidly  changing  target. 

Examples  of  each  of  these  are: 

a)  A  single  hyperspectral  image  of  a  basically  static  scene  such  as  a  farm  field. 

b)  Hyperspectral  data  that  changes  moderately  over  time  on  the  scale  of  seconds, 
such  as  with  a  forest  fire. 

c)  Hyperspectral  data  that  changes  rapidly  over  time  using  a  small  scale  event 
such  as  an  explosion. 

Of  these  three  goals  the  one  that  chiefly  distinguishes  CTEx  from  all  predecessors  is 
the  third,  the  ability  to  obtain  hyperspectral  data  with  a  temporal  dimension  of  very 
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rapid,  transient  events.  This  will  be  the  main  area  of  focus  for  all  following  discussion 
of  CTEx  design  requirements  and  trade-space  analysis. 

While  accomplishing  these  goals  one  of  the  major  driving  design  parameters  is 
that  CTEx  must  be  a  very  simple  design.  In  practical  terms  this  means  that  the 
instrument  needs  to  be  able  to  be  assembled  to  a  large  degree  in  a  university  lab  by 
students,  professors  and  lab  technicians.  Also,  related  to  these  requirements  is  that  of 
cost.  Although  it  will  not  be  possible  to  cite  precise  cost  figure  at  this  initial  stage  of 
design,  most  components  for  the  instrument  should  be  either  commercial  off-the-shelf 
(COTS)  pieces,  or  already  available  through  other  U.S.  governmental  entities  such  as 
the  Air  Force  Research  Laboratories.  A  nominal  figure  for  design  and  construction  of 
the  instrument  (though  not  of  launch)  is  less  than  $1,000,000. 

Further,  because  this  is  already  an  experimental  instrument,  it  is  highly  desir¬ 
able  that  those  instrument  functions  that  are  outside  of  the  direct  experimental  aspect 
(i.e.  front-end  optics  or  slewing  mechanism)  be  proven,  low  technical  risk  items.  This 
strategy  should  help  keep  costs  down  and  overall  reliability  high.  It  will  also  help 
ensure  that  the  basic  experiment  is  the  focus  of  experimental  operations  rather  than 
other  aspects  of  instrument  operation. 

Defining  requirements  for  spatial  and  spectral  resolution  are  somewhat  subjec¬ 
tive.  However,  lOnm  spectral  resolution  should  provide  enough  fidelity  to  allow  for 
definitive  experimental  results  demonstrating  the  utility  of  this  form  of  hyperspectral 
imaging.  The  choice  of  a  spatial  resolution  goal  of  10m,  meaning  two  objects  which 
are  10  meters  apart  will  be  discernable  as  two  separate  objects,  may  be  somewhat 
overambitious.  Given  an  instrument  aperture  of  10cm  and  an  operating  altitude  of 
400km,  the  diffraction  limited  ground  resolution  should  be  well  under  10  meters,  as 
shown  in  Equation  3.1: 
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1.22( 


D' 


(3.1) 


49 


where  A  is  the  specific  wavelength  and  D  is  the  aperture  diameter.  Using  550  nm  as 
a  representative  wavelength, 


1.22( 


550nm^ 

10cm 


6.71/irad 


(3.2) 


Multiplying  by  the  altitude  provides  the  diffraction  limited  ground  resolution: 


400 km  *  6.71  firad,  ~  2.7  m  (3.3) 

which  would  appear  to  be  well  within  the  spatial  resolution  goal  of  10m.  However, 
as  the  actual  spatial  resolution  figures  for  CRISM  in  Figure  3.1  shows,  spatial  res¬ 
olution  is  not  necessarily  a  simple  function  of  diffraction,  but  of  the  projection  of 
the  Instantaneous  Field  of  View  (IFOV)  onto  the  focal  plane  array.  There,  the  pixel 
size  and  density  as  well  as  the  overall  focal  plane  array  dimensions  define  the  ground 
resolution.  The  smallest  piece  of  the  projected  ground  area  that  can  be  resolved  is 
that  corresponding  to  an  individual  pixel.  This  is  what  limits  the  ground  resolution 
of  the  CRISM  instrument  to  approximately  an  order  of  magnitude  greater  than  would 
be  the  case  purely  with  diffraction  limits. 

Using  the  CRISM  requirements  as  a  general  model,  preliminary  CTEx  require¬ 
ments  have  been  formulated.  Overall  top-level  requirements  for  CTEx  are  listed  in 
Table  3.1.  Among  the  assumptions  being  taken  into  account  for  this  project  are  that 
CTEx  will  be  deployed  on  the  International  Space  Station  (ISS).  There  are  several  op¬ 
tions  for  placement  available  on  the  ISS.  The  Japanese  Experimental  Module- Exposed 
Facility  (JEM-EF)  on  the  ISS  is  used  throughout  the  remainder  of  this  thesis  as  the 
representative  deployed  site  for  CTEx.  There  is  no  significant  impact  on  CTEx  be¬ 
tween  choice  of  one  ISS  experiment  berth  and  another.  Deploying  CTEx  on  the 
ISS  itself,  of  course,  imposes  bounds  on  available  power,  communications  links  with 
ground  stations,  heating  or  cooling,  platform  stability,  vibration  and  orbit  parame¬ 
ters.  It  also  has  the  overwhelming  advantage  of  greatly  simplifying  questions  of  “care 
and  feeding”  of  the  instrument  since  external  support  is  provided.  Since  a  specific 
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Requirement 

Required  Value 

Achieved 

Comment/Justification 

Primary  requirements,  driven  by  the  MRO  Project 

Spectral  Range 

400-3600  nm 
to  4050  goal 

383  -  3960  nm 

Misalignment  of  IR  order-sorting  filter; 
allows  carbonate  band  to  be  measured 

Spectral  Sampling 

Better  than  10  nm 

VNIR  =  6.55  nm 

IR  =  6.63  nm 

Measured  dispersion 

Swath  Width 

>  7.5  km  at  300  km 

9.4  to  11.9  km 

Slit  2.12°  wide,  MRO  Orbit 

Spatial  Sampling 

Resolve  50-m  spot 

15.7  to  19.7  m/pixel 

IFOV  =  61.5  prad, 

MRO  orbit  (nominal)  255  km  x  320  km 

Lifetime 

1.8  years;  goal  5.4 

4  years 

Estimate  based  on  heat  load,  MTTF  of 

1 2000  hrs  per  cryocooler 

Selected  secondary  requirements,  internal  to  CRISM 

IR  detector  temperature 

<120K 

-100K  attainable 

Operational  temperature  commandable 

Spectrometer  housing 
temperature 

<198K 

<194K 

184K  to  194K  depending  on  orbit 

SNR 

>  400  at  2300  nm 

450  at  2300  nm 

Best  estimate  from  calibration  data 

System  MTF 

0.2  at  9.25 
cycles/mm 

0.73  VNIR; 

0.4  IR 

Analysis  uses  as  built  measurements  of 
PSF,  pointing  jitter,  estimate  of  orbital 
smear 

Pointing 

±60”  Along  Track 

±60°  Along  Track 

Flight  subsystem  test,  dummy  mass 

Scan  Jitter 

48  grad  (3o) 

25  grad  (3c) 

Spectral  Full  Width  Flalf-Max 

Better  than  20  nm; 
goal  <9  nm 

8.5-11.8  nm  VNIR 
9.3-15.2  nm  IR 

Diffraction,  FOV  effects:  acceptable 

Spectral  Smile  (VNIR) 

<1.2  pixels 

1.3  pixels 

Stepped  monochromator  point  source 

Keystone  (VNIR) 

<  ±  0.4  pixels 

<±  0.42  pxls 

Measured  point  source  dispersion 

Smile  (IR) 

<1.2  pixels 

1.3  pixels 

Stepped  monochromator  point  source 

Keystone  (IR) 

<  ±  0.4  pixels 

<  ±  0.42  pxls 

Measured  point  source  dispersion 

Spectral  Profile.  VNIR 

<2%.  3  pixels  from 

1.1% 

Measured  response  to  monochromator 

Spectral  Profile.  IR 

peak 

2% 

Out  of  Field  Stray  Light 

<2% 

<  1% 

Quartz  halogen  lamp  out  of  field 

Figure  3.1:  Requirements  for  the  CRISM  Hyperspectral  Instrument  [35] 


launch  vehicle  for  the  instrument  cannot  be  projected  at  this  time,  generic  standards 
of  survivability  for  launch  will  be  applied.  Service  life  for  CTEx  is  set  at  one  year 
from  placement  on  the  ISS.  The  operating  demands  are  not  well  defined  at  this  point 
beyond  successfully  taking  data  in  the  three  regimes  discussed  at  the  beginning  of 
this  section. 

3.2  Front-end  Optics 

The  front-end  optics  for  this  instrument  amounts  to  some  sort  of  telescope 
and  collimator  which  will  provide  the  required  collimated  light  sample  to  the  prism 
mechanism.  There  are  essentially  two  choices  here.  Either  use  the  design  of  the 
CTHIS  laboratory  instrument  with  two  converging  lenses  at  the  front  end,  or  some 
form  of  mirrored,  reflecting  telescope. 
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Table  3.1:  CTEx  Driving  Requirements 


Requirement 

Requirement  Value 

Comment  /  Justification 

Spectral  Range 

400  -  900  nm 

VNIR  coverage  allows  single 
FPA 

Spectral  Sampling 

Better  than  5  nm / channel 

Provides  for  useful  discrim¬ 
ination  between  chemical 
salts 

Ground  Sample  Distance 

<10  m 

Diffraction  limited  resolu¬ 
tion  =  1.9  m  @  400  km,  10 
cm  aperature 

Spectral  Bands 

100 

Derived  from  spectral  reso¬ 
lution 

Data  Cube  production 

10  Hz 

10Hz  prism  rotation  and 
1000  frames  per  second 

Scan  Jitter 

5/irad  (3a) 

Testing  needed 

Lifetime 

>  lyr 

On-orbit 

Data  Volume 

1Tb 

Nominal  on-instrument 

data  storage 

Collection  time/event 

>  lOsec 

One  ground  target 

Max  Mass 

<550  kg 

JEM-EF  Standard  site 

Max  Volume 

1.5  m3 

JEM-EF  Standard  site 

Power 

<  3kW 

JEM-EF  Standard  site 

3.2.1  Reflection  vs  Refraction.  There  are  many  advantages  to  using  a  re¬ 
flecting  versus  a  refracting  telescope.  As  discussed  in  Chapter  II,  refracting  lenses, 
even  achromatics,  will  introduce  chromatic  aberration  into  the  resulting  image.  Al¬ 
though  this  may  be  small  enough  (and  the  degree  of  chromatic  dispersion  is  a  function 
of  lens  index  of  refraction  and  focal  length),  experience  shows  that  in  this  application 
chromatic  aberration  is  a  real  concern.  Bostick,  in  his  research  on  the  function  of  the 
CTHIS  instrument,  has  noted  that  chromatic  aberration  is  a  problem  in  obtaining 
high  fidelity  results  [16].  Mirrored  surfaces  do  not  introduce  any  chromatic  aberra¬ 
tions  since  the  angle  of  reflection  is  not  dependent  on  wavelength  and  is  therefore  the 
same  for  all  A  (Equation  3.4)  as  shown  in  Figure  3.2. 
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Law  of  Reflection 


Oi  =  er  (3.4) 


Angle  of  incidence  =  Angle  of  Reflection 


Figure  3.2:  Incident  angle  equals  reflected  angle  for  all  wavelengths  [28] 


Another  advantage  of  using  reflection  is  that  the  mirrored  surface  provides  a 
more  stable  structure  than  lenses.  Since  the  light  does  not  pass  through  a  mirror, 
a  fully  supporting  structure  on  the  mirror’s  backside  can  be  designed  that  provides 
much  greater  stability.  A  lens  must  allow  light  to  pass  through  with  as  little  structural 
impediment  as  possible.  So  a  lens  is  normally  only  supported  and  attached  to  the 
telescope  structure  along  the  lens’  outer  edge.  An  important  aspect  of  the  space-based 
instrument,  and  for  any  space-based  optic,  is  that  alignment  along  the  optical  axis 
must  be  maintained  as  closely  as  possible  since  it  is  either  impossible,  or  very  difficult 
and  expensive,  to  align  the  optical  elements  (collimate  them)  once  the  instrument  is 
in  orbit.  The  greatest  stresses  that  will  be  applied  to  the  instrument  are  at  launch. 
The  better  supported  the  optical  elements  are,  the  better  chances  of  surviving  launch 
within  collimation  tolerances. 

A  third  possible  reason  for  selecting  a  reflecting  telescope  over  refracting  lenses 
for  our  application  is  that  the  mirror(s)  and  the  structural  elements  can  be  constructed 
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of  the  same  or  very  similar  materials.  In  this  case  the  use  of  polished  aluminum  for 
the  mirrors  and  the  tube  structure  allows  maintenance  of  a  low  or  zero  differential 
for  coefficients  of  thermal  expansion  for  the  various  telescope  parts.  In  the  space 
regime  where  the  instrument  may  experience  a  range  of  temperature  from  -40  to 
+80  C  or  even  greater,  any  significant  differences  in  materials’  thermal  expansion 
properties  may  result  in  asymmetric  expansion  or  contraction  resulting  in  internal 
stresses  that  can  distort  the  optical  system.  This  has  clearly  been  identified  as  a 
significant  issue  in  currently  employed  space-based  instruments  as  exemplified  in  the 
CRISM  hyperspectral  instrument  orbiting  Mars.  Though  noted  in  Chapter  II,  it  bears 
repeating  that  in  CRISM  the  opto-mechanical  subsystem  was  tested  for  consistency 
over  six  thermal  cycles  between  30C  and  -90C  with  a  dwell  time  of  one  hour  at  each 
extreme  per  cycle.  There  was  no  measurable  change  in  instrument  interferograms 
taken  before  and  after  the  cycling.  This  was  attributed  to  the  use  of  an  all  aluminum 
structure  and  all  aluminum  mirrors  [42,43].  In  a  design  using  lenses,  the  lenses  must  be 
made  with  an  optical  material  like  crown  glass  while  the  structure  is  constructed  with 
something  else.  Differences  in  thermal  expansion  properties  between  these  elements 
are  unavoidable. 

Finally,  mirrored  elements  do  not  increase  in  weight  with  size  at  nearly  the 
rate  of  refracting  lenses.  With  mirrors,  the  reflecting  surface  only  needs  to  be  a  thin 
him  applied  over  a  base  substrate.  Even  if  the  material  required  for  the  reflection 
is  relatively  dense,  it  can  be  kept  quite  thin  and  still  provide  the  needed  optical 
properties.  Lenses  must  allow  light  to  pass  through  and  quickly  begin  to  distort  under 
their  own  weight  as  size  grows.  Physical  sagging  then  results  in  optical  distortion. 
This  would  not  likely  be  a  problem  for  the  proposed  CTEx  instrument,  given  its 
expected  modest  size.  However  it  is  still  a  factor  to  take  into  consideration  since 
CTEx  is  a  proof-of-concept  that  may  lead  to  a  similar,  larger  operational  instrument 
sometime  in  the  future. 

Mirrors  have  been  used  extensively  in  space  for  many  years.  Reflective  optics 
for  space  is  a  mature  technology  and  its  use  in  CTEx  provides  good  advantages  at  no 
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increased  risk.  Although  design  of  the  CTEx  instrument,  as  in  the  current  lab  models 
with  refracting  lenses,  could  certainly  be  accomplished,  the  advantages  of  changing 
over  to  reflection  for  the  telescope  front-end  outweigh  the  very  minor  disadvantage  of 
making  this  change.  In  fact,  there  may  be  no  disadvantage  at  all  since  the  instrument 
would  have  to  be  resized  in  any  case  to  take  into  account  the  instrument’s  operating 
altitude  over  the  ground. 

The  one  advantage  refractive  lenses  might  hold  over  using  a  reflecting  design 
is  that  the  current  laboratory  instrument  uses  refracting  lenses  and  is  a  straightfor¬ 
ward  design  where  all  elements  are  centered  along  a  single  optical  axis.  A  specific 
disadvantage  of  this  design  involves  problems  with  achromatic  lenses  in  a  space  en¬ 
vironment.  Achromats,  as  discussed  in  the  previous  chapter,  partially  compensate 
for  chromatic  abberation  by  bonding  two  or  more  materials  with  differing  indices  of 
refraction.  The  inherent  problem  with  this  is  that  the  same  properties  which  are  used 
to  reduce  chromatic  aberration  in  achromatic  lenses,  that  is  different  materials  with 
different  indices  of  refraction,  also  means  the  materials  have  different  coefficients  of 
thermal  expansion.  Thermal  cycling,  which  is  a  condition  expected  to  occur  with  the 
CTEx  instrument  as  it  orbits  the  Earth  on  the  ISS,  will  then  produce  expansion  and 
contraction  stress  along  the  bonding  plane  between  the  two  materials.  This  results  in 
an  unacceptable  risk  of  lens  separation,  which  would  mean  mission  failure.  This  issue 
will  surface  again  in  the  next  section  on  the  prism.  The  overwhelming  advantages  of 
reflecting  over  refracting  telescopes  for  space  operations  clearly  leads  to  the  conclusion 
that  a  reflecting  telescope  in  the  CTEx  design  is  the  better  design  choice. 

3.2.2  Telescope  Design.  There  are  many  options  available  for  reflecting 
telescopes.  So  many  in  fact  that  it  is  beyond  the  scope  of  this  thesis  to  provide  a 
detailed  analysis  of  the  universe  of  possibilities.  Some  general  characteristics  of  any 
telescope  used  for  CTEx  will  include  a  compact  design,  yet  as  simple  as  possible.  The 
light  must  be  brought  to  a  focus  at  a  point  where  a  field  stop  can  be  incorporated. 
Light  will  also  need  to  be  collimated  prior  to  passing  through  the  direct  vision  prism. 
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Some  preliminary  optical  design  study  has  been  accomplished  and  a  viable  and 
practical  choice  which  incorporates  the  characteristics  above  has  been  made.  An  off- 
axis  Mersenne  telescope  design  provides  the  desirable  characteristics  of  using  an  all- 
reflective  optic  to  bring  light  to  the  rotating  prism,  to  include  collimation  of  that  light. 
It  is  relatively  compact,  yet  provides  a  space  for  the  held  stop,  which  is  absolutely 
necessary  to  limit  the  bounds  of  the  image.  A  graphic  of  the  proposed  design  is 
provided  here  in  Figure  3.3  for  illustration  [25]. 


Figure  3.3:  Proposed  Mersenne  Telescope  Design. 


3. 3  Prism 

The  rotating  prism  is  a  key  element  of  the  CTEx  instrument.  It  goes  to  the  heart 
of  the  operating  principles  for  hyperspectral  chromotomography.  For  the  application 
in  CTEx,  a  nominal  rotation  rate  of  10  Hz  for  the  prism  is  specified.  The  prism 
rotation  rate  defines  the  number  of  hyperspectral  cubes  produced  in  a  given  time 
frame  -  1  cube  per  full  rotation.  At  10  Hz  the  instrument  is  producing  10  data  cubes 
a  second.  This  means  transient  changes  can  be  tracked  over  .1  second  increments.  The 
trade-space  issues  this  brings  up  are  considerations  of  rotating  speed  versus  transient 
event  capture.  In  other  words,  while  .1  sec  time  capture  increments  may  be  perfectly 
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satisfactory  for  some  events,  such  as  a  rocket  engine  test,  it  may  not  be  nearly  fast 
enough  for  others,  like  an  explosion  due  to  the  much  quicker  rate  of  change  in  both 
the  spatial  and  spectral  dimensions  for  an  expanding  fireball  over  an  engine  plume. 

A  controllable  variable  rotation  rate  would  be  very  useful  then.  However  this 
would  also  increase  the  complexity  of  the  instrument  versus  a  single  set  speed.  A 
good  compromise  would  be  to  have  a  small  number  of  set  rotation  rates  that  could 
be  selected  depending  on  the  users  requirements  for  a  particular  collection  event.  A 
reasonable  base  line  would  be  an  exponential  scale  of  0  -  2  corresponding  to  rotation 
rates  of  1,  10  and  100  Hz.  This  will  provide  flexibility  to  adapt  the  instrument 
operation  to  varying  test  events  while  maintaining  enough  simplicity  to  keep  costs 
down  and  reliability  high. 

The  prism  itself,  as  used  in  the  laboratory  CT  instrument,  is  quite  small  -  only 
38  mm  in  diameter.  The  small  mass  of  the  prism  means  that  rapid  spin  up  and 
slow  down  is  possible  and  should  allow  for  precise  rotation  rate  control.  This  is  very 
important  since  the  rate  of  prism  rotation  along  with  the  camera  frame  rate  will  be 
needed  for  solving  the  tomographic  Fourier  transform  used  to  ultimately  extract  the 
desired  spectral  data.  Knowledge  of  the  exact  prism  position  at  any  time  is  also 
important  in  matching  the  prism  angle  with  each  frame  during  operation.  It  will  be 
highly  desirable  to  have  some  form  of  feedback  either  to  provide  on-orbit  calibration 
capability  or  simply  to  have  the  true  rotation  rate  and  position  for  input  into  the 
algorithm  as  mentioned. 

There  is  another  inherent  problem  however,  with  the  laboratory  CT  prism.  As 
described  in  Chapter  II,  this  is  a  direct  vision  prism.  So,  just  as  with  the  achromatic 
lenses,  it  consists  of  two  different  materials  bonded  together,  as  shown  in  Appendix 
B  which  provides  the  optical  properties  of  both  parts  of  the  prism.  The  direct  vision 
prism  uses  two  bonded  materials  of  differing  indices  of  refraction  to  allow  one  wave¬ 
length  of  light  to  pass  through  the  prism  undeviated.  The  undeviated  wavelength 
then  passes  through  the  focusing  lens  onto  the  focal  plane  array.  The  result  is  illus- 
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trated  in  Figure  3.4,  where  the  undeviated  green  wavelength  is  in  the  image  center. 
Other  wavelengths  of  light  form  a  circle  around  the  undeviated  wavelength  and  the 
angle  of  dispersion  ( 6 )  and  distance  from  center  (x,y)  provide  spectral  and  spatial 
information. 


Figure  3.4:  Spectral  dispersion  around  undeviated  green  wavelength  [15] 

It  is  apparent  then  that  having  an  undeviated  light  wavelength  to  provide  a 
reference  frame  is  essential  to  the  operation  of  the  instrument.  Therefore  the  direct 
vision  prism  is  an  absolutely  essential  optical  component  in  the  instrument.  There  is 
a  problem  of  differing  coefficients  of  thermal  expansion  between  the  materials  making 
up  the  prism,  as  with  achromatic  lenses,  which  may  be  fatal  to  CTEx  operation  if 
not  addressed.  The  specific  problem  is  that  the  materials  used  in  the  prism  expand 
or  contract  with  changes  in  their  temperature  at  different  rates.  The  orbit  of  the  ISS 
around  the  Earth  will  take  CTEx  in  and  out  of  sunlight  repeatedly  every  day.  Not 
knowing  precisely  where  the  instrument  will  be  positioned  on  the  space  station  it  isn’t 
possible  to  determine  the  exact  time  periods  of  sunlight/shadow.  There  is  bound  to 
be  some  measure  of  thermal  cycling  in  any  case.  As  temperature  changes,  the  prism 
materials  (SFL6  and  LaSF  30;  properties  listed  in  Appendix  B)  differences  in  size 


will  create  stresses  on  the  materials  but  particularly  along  the  bonding  plane  between 
the  two.  This  stress  will  cycle  periodically  with  the  thermal  fluctuations  related  to 
the  orbit.  Even  if  a  single  application  of  this  stress  presents  no  significant  danger  of 
prism  failure,  the  repeated  cycling  of  that  stress  may  result  in  a  high  probability  of 
failure.  If  the  prism  were  to  separate  along  the  bonding  plane,  the  functionality  of 
CTEx  would  be  severely  degraded. 

Equations  leading  to  the  total  force  along  the  bonding  plane  in  the  prism  are 
presented  below.  Coefficients  of  thermal  expansion  and  Young’s  Modulus  are  taken 
from  the  cited  references.  The  dimensions  of  the  CTHIS  instrument  prism  are  used 
for  these  calculations.  Assumptions  were  made  on  the  temperature  differences  as 
follows:  It  was  assumed  that  baseline  temperature  of  the  prism,  the  temperature 
at  which  bonding  was  applied  and  stress  between  materials  was  zero,  was  about 
25 °C.  Extensive  NASA  reporting  on  the  Hubble  Space  Telescope  indicates  that  Teflon 
thermal  shielding  on  direct  sunlight  exposed  surfaces  reach  temperatures  of  130°C  on- 
orbit  [24,  1],  Using  this  as  a  “worst  case”  figure  that  temperature  was  modified  and 
a  maximum  temperature  of  85°(7  was  used  in  the  stress  calculations.  This  was  done 
because  the  prism  itself  will  probably  not  be  exposed  to  direct  sunlight.  Cooling 
below  25°C  was  also  not  taken  into  account.  A  temperature  cycle  of  60°C  is  used  as 
a  compromise  figure  in  these  calculations. 

Given  the  coefficients  of  thermal  expansion  for  the  materials  making  up  the 
direct  vision  prism,  the  level  of  stress  that  may  be  applied  to  the  bonded  interface 
can  be  determined.  This  is  demonstrated  mathematically  here  and  graphically  in 
Figure  3.5. 

aSF6  =  9E~6  -  Coefficient  of  Thermal  Expansion  for  SF6  (°C')~1  [3] 
c^LaSF3o  =  6.2EY6  -  Coefficient  of  Thermal  Expansion  for  LaSF30  (°C)_1  [46] 
Ysf6  =  531  -  Young’s  Modulus  for  SF6  (108Y/m2)  [3] 

Li  =  38 mm  -  Initial  prism  diameter  (length) 
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AT  =  25 °C  -  85°C 


60 °C  -  Temperature  change  assuming  initial  temp  on 


Earth  of  25°C 

AT  =  ctTjAT  -  Formula  for  determining  material  change  in  length  with  tem¬ 
perature 

ALSf6  —  (9T_6)(38mm)(60)  =  .02052mm  -  Length  change  for  SF6  material 

A LLaSF3o  =  (6.2TD6)(38mm)(60)  =  ,0014136mm  -  Length  change  for  LaSF30 
material 


A Lt  =  ALsf6  ~  ALlciSF3o  =  .006348 mm  -  Difference  in  length  change  between 
SF6  and  LaSF30 


Tensile  Stress 


^  ATy  =  531£8(AVm2)(M^)  =  8.873T6(A/m2)  (3.5) 

Li  38E~3m 

Cross  Sectional  Area  of  Prism 
pa  nr2  =  7r(19T-3m)2  ps  1.1 3AE~3m2 

Shear  Force  Along  the  Bonding  Plane 


1.134TT3m2  •  8.873T6(A/m2)  =  10,061N  (3.6) 

Although  there  is  no  empirical  data  specifying  the  strength  of  the  bonded  layer 
between  the  two  prism  materials  it  seems  clear  that  at  this  level  of  stress  it  would  be 
prudent  to  assume  there  is  a  significant  danger  of  shear  failure  at  some  point  during 
the  instrument  lifetime.  The  ISS  orbit  altitude  is  between  350  -  400  km.  Using  the 
higher  altitude  to  calculate  a  conservative  orbital  period: 


p  =  wy? 

where  a  ~  r  «  6350  +  400 km 
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Figure  3.5:  Differing  coefficients  of  thermal  expansion  cause  the  two  materials  making 
up  the  prism  to  expand  at  different  rates.  This  results  in  large  stresses 
across  the  bonding  plane  even  for  small  differences  in  expansion. 


then  P  «  92 mins  meaning  the  instrument  would  orbit  the  earth  approximately  15 
times/day.  If  it’s  assumed  this  is  the  rate  of  thermal  cycling  for  the  instrument  there 
appears  to  be  a  need  to  take  measures  to  ensure  that  the  prism  has  a  high  probability 
of  surviving  these  conditions. 

In  addition  to  the  stresses  of  thermal  cycling,  any  imperfections  in  the  bonding 
surface  between  the  materials  may  also  introduce  further  stresses  due  to  trapped  air 
pressure  in  the  near  vacuum  environment  of  low-earth  orbit.  Microbubbles  within  the 
bonded  material  interface  will  add  to  the  thermal  stress.  The  first  action  that  should 
be  taken  is  to  conduct  thorough  vacuum  and  thermal  cycling  of  the  prism  to  obtain 
empirical  data  on  the  likelihood  of  failure.  Testing  will  be  specifically  addressed  in  a 
later  section  of  this  chapter. 

Making  the  assumption  that  the  prism,  as  constructed  in  the  laboratory  in¬ 
strument,  would  present  a  significant  risk  of  failure  through  the  mechanism  discussed 
above,  options  for  mitigating  that  risk  must  be  explored.  One  option  is  to  control 
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for  instrument  temperature  through  heating/cooling  devices.  A  passive  approach 
using  insulation  around  the  entire  instrument  may  significantly  limit  the  range  of 
temperatures  across  which  the  prism  would  cycle,  although  Groh’s  study  on  insu¬ 
lation  degradation  on  Hubble  indicates  a  substantial  reduction  in  effectiveness  over 
time  [24],  More  active  devices  such  as  on-board  cryo-coolers  or  radiative  heaters  is  a 
further  possibility.  This  option  would  greatly  increase  the  cost  and  complexity  of  the 
instrument  which  in  itself  increases  the  risk  of  overall  failure. 

Addressing  the  problem  with  the  prism  directly,  the  prism  can  be  designed  as 
a  two-piece  element  with  space  gap  between  the  elements.  This  gap  would  eliminate 
the  possibility  of  bonding  failure  completely.  The  prism  design  would  increase  in 
complexity  and  therefore  probably  in  cost  too,  but  the  final  product  would  not  be 
more  complex  and  reliability  would  be  enhanced.  Another  essential  feature  of  the 
prism  portion  of  the  CTEx  instrument  is  the  rotation  of  that  prism.  Since  the  prism 
is  held  in  a  rotating  assembly  in  any  case,  using  a  two-piece  element  the  assembly  will 
serve  to  rigidly  hold  each  piece,  ensuring  that  alignment  is  maintained.  The  difficulty 
of  the  gapped  materials  prism  is  that  the  prism  halves  will  need  to  be  installed  in 
the  rotation  ring  extremely  precisely.  Not  only  will  each  piece  have  to  be  positioned 
accurately  such  that  the  vertical  plane  of  the  prisms  are  aligned  to  that  of  the  rotation 
stage,  the  prisms  must  be  accurately  aligned  with  one  another. 

The  spin  rate  requirement  for  the  rotation  mechanism  was  addressed  above.  One 
other  aspect  of  this  rotation  is  the  precision  requirement.  Examples  of  high-accuracy 
rotation  stages  with  direct  reading  encoder  and  better  than  0.00001°  resolution  are 
available  from  Newport  Corporation.  Unfortunately,  while  these  rotation  stages  of¬ 
fer  outstanding  precision,  they  are  not  designed  for  continuous  rotation  nor  for  the 
angular  velocities  required  for  the  CTEx  instrument.  Maximum  rotation  rates  are 
720°/sec,  2  Hz,  which  is  nowhere  near  the  rates  of  10  -  100  Hz  required.  Specifica¬ 
tions  for  a  high  precision  Rotation  Table  manufactured  by  Newport  are  available  in 
Appendix  F.  Computer  Optical  Products  does  produce  a  rotation  stage  and  optical 
encoder  (position  readout)  that  appears  to  meet  requirements.  Their  CM-5000  series 
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is  a  high  performance  brushless  DC  motor  with  integral  optical  encoder.  It  offers  a 
maximum  rotation  speed  of  1500  rpm,  well  above  our  maximum  requirement  of  1000 
rpm.  Specification  for  this  product  are  available  in  Appendix  G.  However,  as  with 
many  of  the  COTS  components  the  CM-5000  is  not  space-rated.  This  issue  will  be 
discussed  further  in  the  concluding  chapter  of  the  thesis. 

3.4  Focal  Plane  Array  and  Camera 

The  focal  plane  array  (FPA)  lies  at  the  heart  of  any  electro-optical  imaging 
instrument.  All  imagers  require  some  form  of  optic  to  bring  the  light  that  has  passed 
through  the  front-end  instrumentation  into  focus  on  a  two-dimensional  array  of  pho¬ 
tosensitive  elements  (pixels).  There  are  two  major  classes  of  FPAs  in  use  today.  These 
are  charge-coupled  devices  (CCDs)  and  complementary  metal  oxide  semiconductors 
(CMOS). 

CCDs  fundamentally  work  like  a  bucket  brigade.  Rain  falls  on  an  array  of 
buckets  in  a  given  time  frame.  By  passing  the  bucket  contents  horizontally  until  it 
reaches  the  end  of  each  line,  and  then  vertically  down  the  array,  the  overall  content 
is  then  measured.  Figure  3.6.  I11  a  similar  fashion,  photosensitive  pixels  making  up  a 
CCD  array  are  bombarded  with  photons,  which  they  convert  to  a  charge  as  depicted 
in  Figure  3.7. 

CCD  focal  plane  arrays  offer  many  good  characteristics  for  imaging.  Among 
these  are:  good  spatial  resolution;  very  high  quantum  efficiency  (often  90%  or  bet¬ 
ter);  a  large  spectral  window;  low  noise;  high  dynamic  range  (ability  to  handle 
large  variations  in  signal  strength);  high  photometric  precision;  and  very  good  lin¬ 
earity  [13,14,20].  CCDs  were  developed  in  the  1960s  and  have  been  used  extensively 
for  over  three  decades.  This  maturity  is  also  an  attractive  factor  for  limiting  technical 
risk. 

CMOS  imaging  arrays  are  a  more  recent  development.  However,  technological 
improvements  in  this  array  type  have  been  proceeding  at  a  very  rapid  pace  over  the  last 
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Figure  3.6:  As  rain  fills  the  buckets  the  water  is  passed  horizontally,  then  vertically 
at  the  end  of  each  line.  [20] 

five  or  six  years.  Issues  that  were  once  serious  disadvantages,  such  as  low  quantum 
efficiency,  have  largely  been  addressed  and  the  capability  contrast  between  CMOS 
and  CCD  arrays  has  been  substantially  reduced.  An  example  is  the  comparison  in 
quantum  efficiency  between  commercially  available  CCDs  and  CMOS  arrays.  The 
CMOS  silicon  array  with  visible  antireflectance  coating  is  quite  competitive  with  the 
backside  illuminated  CCD  (Figure  3.8). 

The  major  difference  in  operation  between  a  CMOS  array  and  a  CCD  is  that 
in  a  CMOS  array  the  photoelectric  elements  are  connected  directly  with  a  Read  Out 
Integrated  Circuit  (ROIC).  What  this  means  is  that  each  pixel  in  the  array  is  read 
independently  of  the  others,  directly  into  output.  There  are  two  major  types  of  CMOS 
arrays,  monolithic  and  hybrid.  Monolithic  arrays  have  the  integrated  circuit  on  the 
same  chip  as  the  pixel  array.  The  hybrid  design  uses  a  3-D  scheme  where  the  pixels 
are  bonded  to  the  integrated  circuit  in  a  sandwich  arrangement  (Figure  3.9). 

As  can  be  seen  in  Figure  3.10  the  differences  between  CCD  and  CMOS  arrays 
are  founded  at  the  most  fundamental  level.  The  pixel  readout  technique  defines  the 
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Figure  3.7:  (a)  For  the  charge  collection  process  during  an  exposure  the  central  elec¬ 
trode  of  each  pixel  is  maintained  at  a  higher  potential  (yellow)  than  the 
others  (green),  (b)  At  the  end  of  the  exposure,  the  electrodes  potentials 
are  changed  and  the  charges  transferred  from  one  electrode  to  the  other, 
(c)  By  changing  the  potential  of  the  electrodes  in  a  synchronized  way, 
electrons  are  transferred  from  pixel  to  pixel.  Charges  on  the  right  are 
guided  to  the  output  register,  (d)  The  horizontal  transfer  of  charges  is 
then  stopped  and  each  charge  package  at  the  output  register  is  trans¬ 
ferred  vertically  to  an  output  amplifier  and  then  read  one  by  one.  The 
cycle  starts  again  until  all  the  charges  have  been  read.  The  reading  time 
amounts  to  about  one  minute  for  a  large  CCD.  [20,  5-6] 
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Figure  3.8:  CCD  vs  CMOS  quantum  efficiency  [9,27]. 
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Figure  3.9:  Monolithic  CMOS  chip  (left)  and  hybrid  (right).  [27,  130] 


operating  principles  of  these  two  array  types  and  characterizes  the  advantages  and 
disadvantages  of  each  relative  to  a  given  application. 

For  designing  the  CTEx  FPA,  there  are  some  significant  advantages  of  the 
CMOS  array  over  the  CCD.  Because  the  photodiode  and  integrated  circuit  are  on 
the  same  chip,  various  processes  such  as  amplification,  timing  and  analog-to-digital 
conversion  (ADC)  can  be  accomplished  right  on  the  chip  (Figure  3.11).  On-chip  in¬ 
tegration  results  in  low  power  requirements,  smaller  system  dimensions  and  higher 
speeds.  In  addition,  because  of  the  individual  pixel  readout  capabilities  of  the  CMOS 
architecture,  it  is  easy  to  implement  various  scanning  strategies  to  isolate  or  enhance 
particular  aspects  of  the  scene  under  consideration.  Examples  of  these  include  win¬ 
dowing,  subsampling,  random  access  and  pixel  binning  (Figure  3.12).  Windowing  in 
particular  will  provide  options  for  data  collection  that  will  be  discussed  further  later 
in  this  chapter. 

One  of  the  major  difficulties  in  developing  an  operational  CT  instrument  is  the 
demand  for  high  data  throughput.  The  nominal  requirement  is  for  1000  frames  per 
second  (fps).  This  speed  far  exceeds  that  of  any  hyperspectral  imager  ever  launched. 
This  alone  virtually  requires  the  use  of  a  CMOS-based  FPA  due  to  the  reset  speeds 
involved.  In  addition,  the  low  power  requirement,  resistance  to  radiation,  including 
Single  Event  Upset  (SEUs),  and  compact  size  strongly  recommend  a  CMOS  versus 
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Figure  3.10:  Comparison  between  CCD  and  CMOS  at  the  pixel  level.  [27,  112] 
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Figure  3.12:  In  window  mode  a  particular  scene  feature  can  be  isolated  and  tracked 
as  it  passes  under  an  overhead  imager.  Subsampling  allows  a  scene  to 
be  roughly  imaged  using  only  a  percentage  of  the  total  array.  Random 
access  allows  multiple,  particular  features  to  be  imaged  while  backgnxmd 
is  ignored.  Pixel  binning  convolves  groups  of  pixels  which  may  be  used 
to  improve  signal-to-noise  for  poorly  illuminated  scenes.  [27,  114-115] 


CCD  FPA  for  CTEx.  One  final  determining  factor  is  the  commercial  availability  of 
appropriate,  high-speed  cameras.  While  there  are  two  major  companies  that  pro¬ 
duce  very  high-speed,  CMOS-based  cameras  no  CCD-based  equipment  can  produce 
anywhere  near  the  required  FPA  reset  rate. 

For  the  best  spectral  and  spatial  resolution  it  is  desirable  to  have  as  large  a 
physical  array  as  possible  with  the  smallest  pixel  size.  However,  it  is  also  the  case 
that  larger  pixels  are  more  sensitive  to  light  since  they  provide  a  larger  surface  area  for 
photon  detection  (larger  total  photon  flux).  For  CTEx  the  image  on  the  focal  plane 
should  be  oversampled,  that  is  the  image  size  is  smaller  than  the  array  dimensions. 
Although  at  first  glance  this  appears  to  be  wastcfully  inefficient,  it  is  necessary  for 
several  reasons.  The  first  is  that  perfect  sampling,  where  the  image  size  exactly 
matches  the  FPA,  at  the  zero  prism  angle  will  mean  lost  data  (undersampling)  on  the 
edges  as  the  prism  and  thus  the  image  rotates.  Secondly,  if  electronic  windowing  is 
used  to  collect  event  data  as  illustrated  in  Figure  3.12,  large  numbers  of  pixels  within 
the  array  is  essential.  A  hypothetic  may  better  illustrate  this  idea. 

Assume  the  total  IFOV  is  50  km2.  CTEx  is  taking  data  on  a  rocket  engine 
test  in  a  known  location  at  a  know  time.  In  order  to  capture  the  imagery  data  from 
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the  engine  plume,  the  actual  target  of  interest  is  the  10  m2  area  encompassing  the 
engine  test.  As  the  instrument  passes  directly  over  the  target  area,  the  10  m2  area  of 
interest  enters  the  far  left  side  of  the  IFOV.  The  IFOV  will  be  translating  to  the  left 
at  the  ground  speed  of  the  instrument.  As  the  instrument  passes  over,  the  target  area 
of  interest  will  enter  the  IFOV,  essentially  “move”  through  it,  and  then  exit  at  the 
far  right.  Through  windowing  and  precise  knowledge  of  the  instrument  and  target 
locations  and  the  instrument  orbit  the  target  engine  test  can  be  tracked  across  the 
FPA  (Figure  3.13). 


Using  representative  numbers  it  is  possible  to  analyze  the  practicality  of  using 
the  windowing  method  for  data  collection.  Starting  with  the  ground  sample  distance 
(GSD)  of  10  m,  which  is  driven  by  the  instrument  ground  resolution  requirement,  the 
total  IFOV  can  be  determined.  By  definition  of  the  GSD,  each  pixel  will  correspond 
to  10  nr  on  the  ground.  The  minimum  number  of  pixels  required  for  determining  a 
two-color  source  spectral  separation  is  two  pixels.  So  for  purposes  of  hypothetical 
demonstration,  assume  a  2X2  pixel  block  for  the  window  of  interest.  The  total  block 
size  doesn’t  matter  for  the  following  calculation  though,  as  long  there  are  enough 
“windows”  across  the  array  to  amount  to  a  useable  data  collection  event. 


Wm  2048 pixels  =  20.5fcm 

pixel  array 


The  velocity  of  the  ISS  at  an  altitude  of  357  km  is  determined  by: 


v  =  ^ 


where 


/i  =  Earth  gravitional  constant  x  Earthmass 

r  =  circular  orbit  radius  (although  the  ISS  orbit  is  not  perfectly  circular,  it  is 
a  reasonable  approximation  since  its  eccentricity  is  only  .0008) 

/ 398600 fcm3/s2  ^7  ecu  / 

V  =  V  6735fcm'  =  7 .69km/ sec 

At  that  velocity  the  instrument  will  move  from  one  end  of  any  particular  IFOV  to 


the  other  in  about  2.5  seconds. 

20.5 km  -r  7 .69km/ s  =  2.666 sec 
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Figure  3.13:  Hypothetical  Windowing  concept.  The  image  of  the  rocket  test  moves 
across  the  focal  plane  as  the  instrument  passes  overhead. 
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The  problem  with  windowing,  as  illustrated,  is  the  desired  data  event  time  of  10 
seconds  cannot  be  met.  The  most  direct  option  is  to  reduce  the  data  take  time  to  2.5 
seconds.  The  next  option  is  a  trade-off  between  data  take  time  and  spatial  resolution. 
As  GSD  increases  to,  for  example  20  m,  the  IFOV  grows  and  there  is  a  doubling 
of  the  time  the  test  event  will  be  in  view.  This  trade-off  though,  is  not  dynamic. 
Because  the  GSD  is  a  function  of  the  focal  length  of  the  instrument’s  focusing  lens, 
once  designed  into  the  instrument  and  launched  it  cannot  be  changed. 

The  discussion  above  begs  the  question  of  other  methods  for  taking  event  data. 
The  obvious  solution  is  designing  a  slewing  ability  into  the  instrument  so  staring  at  a 
field-of-view  as  the  ISS  passes  over  is  possible.  For  this  option  either  the  instrument 
itself  or  just  the  FOV  must  be  able  to  slew  at  the  angular  rate  of  the  ISS  passing  over 
a  spot  on  the  Earth.  Assuming  an  altitude  of  350  km  and  ignoring  the  curvature  and 
rotation  of  the  Earth  since  these  will  be  very  small  for  a  five  second  data  pass,  the 
angular  slewing  speed  will  be: 

a j  —  - 

r 

where 

v  =  velocity  in  direction  of  motion  =  7.69km/sec 
r  =  distance  to  earth  surface  =  350km 

then 

u  =  '  6^50km ~  =  ■0022rad/sec  or  about  1.22  degrees/sec 

To  slew  the  entire  instrument  will  require  CTEx  to  be  mounted  on  a  slewing 
table  with  precision  control  for  rate  and  position  and  total  along-axis  motion  of  ±6° 
for  the  capability  to  collect  for  roughly  10  seconds  at  a  time.  The  Navy  Research 
Laboratory’s  Hyperspectral  Imager  for  the  Coastal  Ocean  (HICO)  uses  this  type  of 
slewing  table,  but  for  cross-track  collection  opportunities,  not  along  track  staring  [18]. 
The  HICO  design  with  slew  table  emphasized  is  shown  here  in  Figure  3.14.  It  is 
scheduled  to  be  launched  in  June,  2009. 
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Figure  3.14:  HICO  instrument  design  [18] 


The  more  elegant  mechanical  slewing  option  is  to  use  a  rotating  mirror  assembly 
at  the  optic  aperture  to  accomplish  the  same  along-track  scene  staring  function.  This 
is  the  design  option  exercised  on  the  Landsat  Thematic  Mapper.  As  shown  here  in 
Figure  3.15  in  two  views,  this  application  is  used  for  cross-track  collection.  There 
are  serious  issues  involved  with  use  of  a  scanning  mirror  that  also  must  be  taken  into 
account.  Referring  back  to  the  CRISM  Mars  Orbiter  instrument,  a  single  scanning 
flat  mirror  was  considered  for  this  very  application  in  its  design.  This  option  was 
rejected: 


It  was  found  that  the  required  field  of  regard  ...,  coupled  with  an  aperture 
diameter  of  10  cm,  and  the  required  FOV  of  >  1.75°,  resulted  in  scan 
mirrors  with  diameters  in  excess  of  60  cm,  with  little  hope  of  adequate 
stray  light  baffling.  Size  and  mass  constraints  would  also  not  be  met.  [43, 

284] 

It  is  noteworthy  that  although  the  optical  engineering  for  CTEx  has  not  been 
completed  at  this  point,  preliminary  estimates  are  that  its  optical  aperture  will  be  in 
the  range  of  twice  the  diameter  of  CRISM.  This  may  mean  a  scanning  mirror  solution 
to  the  slewing  question  will  result  in  a  prohibitively  large  mirror. 
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Figure  3.15:  Thematic  Mapper  Scan  Mirror  Design  [41] 

Either  of  the  two  mechanical  slewing  options  provide  CTEx  with  the  capability 
of  meeting  the  desired  collection  time  per  test  event  of  10  seconds.  Against  this 
advantage  though,  there  are  considerable  disadvantages  to  be  considered.  First,  both 
options  increase  the  complexity  of  the  instrument  enormously.  Mechanical  slewing 
rates  must  match  the  angular  velocity  of  the  1SS  with  extremely  high  precision  or 
smearing  of  the  image  will  occur.  The  slewing  must  take  place  during  data  collection. 
This  means  vibration  and  resulting  jitter  on  the  focal  plane.  Both  mechanisms,  the 
mirror  and  the  rotation  table,  require  some  form  of  drive  motor,  leading  to  more  power 
required,  greater  mass  and  greater  risk  of  mechanical  failure.  Both  mechanisms  will 
also  increase  control,  position  sensor,  and  calibration  requirements.  The  mirror  option 
will  introduce  additional  aberration  into  the  optical  system  and  will  lower  the  SNR 
since  no  mirror  has  100%  reflectance  efficiency.  There  are  no  cost  figures  available 
for  these  options,  but  it  is  reasonable  to  expect  adding  either  to  the  design  will 
significantly  increase  the  instrument  costs  monetarily,  in  design-time,  and  in  build¬ 
time. 

Overall  it  would  be  preferable  to  rely  on  the  software-driven  collection,  win¬ 
dowing,  over  either  of  the  mechanical  slewing  options.  The  cost  of  reduced  collection 
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time  per  event  and/or  reduced  spatial  resolution  are  outweighed  by  the  numerous 
disadvantages  of  slewing  listed  above. 

3-4-1  Cameras.  The  next  issue  with  the  FPA  involves  the  readout  speed.  As 
noted,  there  are  several  commercially  available  high  speed  cameras  that  easily  provide 
the  required  number  of  frames  per  second  (see  Appendix  3  for  camera  specifications). 
One  tradeoff  that  must  be  considered  here  is  the  signal-to-noise  function.  At  this 
time  the  optical  engineering  for  the  instrument  has  not  been  completed  so  there  are 
no  specific  figures.  Even  when  the  design  is  finished,  actual  hardware  testing  will  be 
needed  to  accurately  characterize  instrument  SNR.  Nonetheless  it  is  certain  that  as 
the  fps  rate  increases  the  same  total  signal  per  unit  time  is  divided  into  smaller  and 
smaller  increments.  This  means  that  the  SNR  will  drop  as  frame  rate  increases.  In 
fact  this  may  not  even  be  a  linear  function  since  electronic  shutter  produced  noise  may 
increase  with  frame  rate  as  well,  resulting  in  an  even  greater  drop  in  SNR  as  a  function 
of  frame  rate.  Factors  involved  in  determining  the  minimum  acceptable  SNR  include: 
pixel  sensitivity  (quantum  efficiency),  pixel  size,  minimum  acceptable  frame  rate,  total 
signal  produced  at  the  source,  total  signal  transmitted  through  the  atmosphere,  and 
signal  loss  along  the  instrument  optical  path  length  due  to  inefficiencies  in  the  optical 
elements. 

Although  the  requirement  for  CTEx  is  set  at  1000  fps,  since  the  principle  differ¬ 
entiating  factor  between  this  instrument  and  other  hyperspectral  imagers  is  speed,  it 
may  be  that  higher  frame  rates  will  be  a  desirable  option.  Higher  frame  rate  options 
is  actually  a  no-cost  result  of  the  high-speed  camera  requirement.  As  is  clear  from 
the  camera  specifications  detailed  in  Appendix  C,  all  of  these  cameras  are  capable  of 
frame  rates  much  higher  than  1000  fps.  The  trade-off  for  going  to  higher  rates,  in 
addition  to  lower  SNR,  is  poorer  resolution.  The  specifications  show  that  as  frame 
rates  are  increased,  active  pixel  use  goes  down.  Between  the  two  main  choices  of 
camera,  the  Phantom  V12.1  and  the  Fastcam  SA2,  both  have  reduced  resolution  at 
higher  frame  rates.  There  are  some  interesting  differences  between  the  two  which 
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will  require  trade-space  choices  by  the  end  user.  The  Fastcam  model  has  better  pixel 
pitch,  10/im  versus  20 pm  for  the  Phantom.  This  results  in  the  Fastcam  having  2048 
X  2048  pixels  on  virtually  the  same  size  CMOS  versus  a  maximum  of  1280  X  800 
for  the  Phantom.  At  maximum  resolution  the  Fastcam  SA2  can  operate  at  1080  fps. 
This  is  an  excellent  match  for  the  CTEx  requirements,  ffowever,  as  frame  rate  is 
increased,  the  Fastcam  resolution  drops  precipitously,  from  2048  X  2048  at  1080  fps 
to  1024  X  512  at  6250  fps  to  384  X  512  at  10800.  The  Phantom  V12.1  offers  reso¬ 
lutions  of  800  X  1280  at  6242  fps  and  512  X  1024  at  11,854.  So  the  Phantom  offers 
better  resolution  at  higher  frame  rates,  but  at  the  required  frame  rate,  1000  fps,  the 
Fastcam  SA2  performs  better.  If  higher  rates  are  considered  better  for  the  purposes 
of  the  CTEx  demonstration,  the  higher  resolution  at  high  frame  rates  of  the  Phantom 
are  more  advantageous.  If  this  is  indeed  the  case  though,  then  the  Fastcam  SA5  must 
be  considered.  It  has  the  same  pixel  pitch  as  the  Phantom,  but  better  resolution  at 
higher  frame  rates:  1024  X  1024  at  7000  fps  and  760  X  760  at  12,500  fps. 

Other  factors  that  must  be  considered  in  the  COTS  camera  choice  include 
ruggedness,  and  thermal  operating  regime.  All  of  the  cameras  are  ruggedized  to 
an  ability  to  survive  over  30  G  in  non-operating  mode.  The  Fastcam  cameras  are 
rated  by  their  manufacturer  at  a  bit  better  temperature  range  than  the  Phantom, 
0  -  40°C  versus  10  -  40°C.  Neither  of  these  meet  the  requirements  for  space  use  at 
the  low  end  though.  So  although  the  Fastcam  cameras  are  marginally  better  in  this 
arena,  it  may  not  matter  if  any  camera  chosen  will  require  substantial  customization 
to  meet  temperature  range  operating  requirements. 

Beyond  this,  there  is  little  to  differentiate  the  choices  for  high-speed  cameras. 
They  all  offer  remote  control  that  should  be  adaptable  to  a  hands-off  environment, 
they  use  silicon-based  hybrid  CMOS  FPAs,  solid-state  DRAM  memory  with  options 
up  to  32GB,  and  12  bit  data  conversion  as  a  standard.  One  area  that  needs  to 
be  carefully  examined,  and  may  provide  a  quantifiable  measure  of  merit,  is  quantum 
efficiency.  Specific  test  results  under  strict  conditions  for  specific  wavelengths  over  the 
instrument  spectral  range  would  be  invaluable  in  comparing  one  camera  to  another. 
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This  would  also  help  by  providing  data  which  could  be  used  to  get  some  idea  of  the 
SNR  required  to  acquire  usable  data. 

3.5  Data  Handling 

The  collection  of  data  through  hyperspectral  imaging  is  only  one  step  in  a 
process.  That  data  must  be  stored,  downlinked  to  a  ground  station  and  processed 
for  the  imagery  to  have  any  utility.  While  CTEx  data  handling  will  be  similar  to 
other  space-borne  imagers  in  some  respects,  there  are  aspects  to  high  frame  rate 
chromotomographic  imagery  that  present  unique  challenges  in  getting  the  information 
to  the  end  users. 

3.5.1  Data  Generation.  One  of  the  problematic  characteristics  of  the  CT 
scanner  is  its  prodigious  rate  of  data  production.  Data  rate  is  a  function  of  the  camera 
frame  rate,  focal  plane  array  size  (number  of  pixels)  and  digital  data  encoding.  Data 
rate  is  calculated  by: 

Frame  rate  x  total  number  of  pixels  x  pixel  encoding  per  pixel  -j-  8bits  per  byte  = 
bytes  per  second 

If  the  Photron  Fastcam  SA2  at  full  resolution  and  1000  fps  is  used  to  exemplify,  the 
figures  take  an  alarming  turn: 

1000/ps  x  2048 2pixels  x  ±g§  -=-  fjg  =  6.292 GB/sec 
or  roughly  63GB  for  a  10  second  data  event. 

The  maximum  solid  state  memory  offered  for  this  camera  is  32GB.  The  data  pro¬ 
duction  rate  calculated  above  would  quickly  swamp  this  amount  of  memory.  There¬ 
fore,  trade-space  analysis  of  the  available  options  is  in  order.  First,  and  simplest,  the 
required  time  of  data  take  can  be  reduced.  The  32GB  of  available  memory  would 
provide  a  maximum  of  5  seconds  of  operating  time.  This  option  has  the  great  ad¬ 
vantage  of  requiring  no  changes  to  the  instrument  at  all.  The  next  option  is  to  take 
data  at  a  reduced  resolution.  At  the  same  frame  rate,  1000  fps,  but  using  1024X1024 
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pixels  the  data  rate  drops  to  1.57GB/sec.  Using  these  parameters  the  available  time 
delta  jumps  to  over  20  seconds.  A  third  option  is  to  order  a  custom  design  adding 
additional  solid  state  memory  to  the  camera  to  allow  for  10  seconds  of  data  at  the  full 
resolution  rate.  This  option  is  the  most  costly  in  terms  of  design  and  manufacture 
time,  monetary  cost,  and  added  complexity  and  technical  risk. 

The  first  two  options  offer  the  tremendous  advantage  of  being  implementable  on- 
orbit  through  software-based  control.  Frame  rate  and  resolution  are  both  controllable 
through  the  camera’s  standard  control  selection  capability.  Therefore,  if  a  particular 
collection  event  requires  the  highest  resolution,  this  can  be  chosen  if  the  end  users  are 
willing  to  trade-off  collection  time.  Likewise,  a  test  event  demanding  greater  lengths 
of  data  collection  can  be  accomplished  at  the  cost  of  lower  resolution.  This  trade- 
space  then  is  a  dynamic  variable  that  can  be  adjusted  after  CTEx  is  operational  to 
changing  customer  requirements  for  different  events. 

There  is  no  way  to  move  data  off  the  camera  fast  enough  to  add  storage  capacity 
while  it  is  in  operation.  Nevertheless,  additional  on-board  storage  capacity  is  desirable 
in  order  to:  a)  provide  longer  term  data  storage  and  redundancy;  b)  provide  the 
opportunity  to  clear  the  camera’s  intrinsic  memory  cache  so  that  it  is  ready  to  collect 
again  as  quickly  as  possible;  and  c)  serve  as  a  data  buffer  between  the  collecting 
instrument  and  the  downlink  communications  -  that  is,  the  additional  storage  holds 
the  data  and  reads  it  out  to  communications  downlink  so  the  camera  memory  doesn’t 
have  to  do  that  itself.  This  is  an  important  point  since  the  dedicated  downlink  channel 
is  only  1Mbps  (refer  to  Appendix  H,  ISS  External  Research  Capabilities).  Assuming 
an  average  data  collection  of  only  15GB,  it  will  take  over  33  hours  to  downlink  the 
data  from  one  collection  event.  Clearly  it  will  be  important  to  be  able  to  hold  and 
downlink  data  from  a  secondary  storage  unit  rather  than  directly  from  the  camera’s 
cache  itself.  The  data  hold  requirement  of  100  -  400  GB  can  be  met  fairly  easily 
and  given  the  data  assumptions  developed  here,  provide  more  than  adequate  storage 
capacity  even  in  a  worst  case  scenario  where  data  cannot  be  downloaded  for  some 
period  of  time. 
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3.5.2  Data  Storage.  There  are  a  few  options  to  consider  with  regard  to  the 
additional,  off-camera,  or  secondary,  data  storage.  These  options  resolve  to  either 
hard  disk  drive,  flash-based  solid  state  drive,  or  DRAM  (Dynamic  Random  Access 
Memory)-based  solid  state  drive.  Hard  disk  drives  (HDD)  use  a  magnetic  disk  and 
reader  which  must  physically  spin  and  move  to  operate.  Solid  state  disks  (SSD)  on 
the  other  hand  have  no  moving  parts  and  are  inherently  more  robust  for  aerospace 
applications.  For  reference,  open  hard  disk  and  solid  state  drives  are  pictured  in 
Figure  3.16. 


Figure  3.16:  Open  HDD  (left)  and  SSD  (right). 


Figure  3.17  provides  the  results  of  benchmark  average  performance  capabilities 
for  the  three  types  of  data  storage  devices  mentioned.  The  DRAM-based  solid  state 
drive  clearly  enjoys  an  immense  performance  advantage  over  the  other  two  in  all 
categories  of  data  read  and  write. 

Of  these  data  storage  types  the  SSD  offers  many  advantages,  particularly  for 
our  application,  over  traditional  HDD. 
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Figure  3.17:  Memory  performance  comparison  [44] 
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•  Faster  start  up  since  there  is  no  spin  up  time 

•  Faster  random  access 

•  Very  fast  read  times 

•  Much  lower  noise  and  vibration  since  there  are  no  moving  parts 

•  High  mechanical  reliability  with  ability  to  endure  extreme  shock,  vibration  and 
temperature  extremes 

Disadvantages  are  as  follows: 

•  Considerably  higher  cost  per  GB  of  storage,  especially  with  DRAM 

•  Lower  capacity  than  that  offered  by  HDD 

•  Limited  write  cycles  for  flash-based  SSD,  although  this  doesn’t  apply  to  DRAM- 
based 

•  Slower  write  speeds  for  flash-based,  but  again  not  for  DRAM-based 

•  Lower  storage  density 

•  DRAM-based  requires  more  power  and  must  be  supplied  with  power  continu¬ 
ously,  even  when  not  operating 

For  a  space-based  application  it  is  clear  that  the  reliability  and  robustness  of 
solid  state  drive  is  the  option  of  choice.  Furthermore,  although  cost  is  an  important 
factor,  the  additional  speed  and  capability  of  DRAM-based  SSD  recommends  it  over 
flash-based  SSD. 

3.5.3  CPU.  CTEx  will  naturally  require  on-board  computing  capability 
for  control  of  the  instrument  component  functions  such  as  prism  rotation  and  cam¬ 
era  operation.  The  computer  must  be  compact,  radiation  hardened  and  capable  of 
withstanding  the  stresses  of  launch  and  thermal  cycling.  In  contrast  with  most  of  the 
other  instrument  components  discussed  to  this  point  there  are  commercially  available 
computers  which  meet  all  these  criteria  and  have  a  track  record  of  performance  in 
space. 
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As  a  representative  sample,  BAE  Systems  of  Manassas,  Virginia  makes  sev¬ 
eral  space-rated  computers  that  appear  to  be  well  suited  for  use  on  CTEx.  The  full 
company  reported  specifications  are  available  in  Appendix  I.  Some  of  the  more  sig¬ 
nificant  information  on  these  products  is  that  versions  of  them  are  currently  in  use 
on  the  Mars  rovers,  Spirit  and  Opportunity,  the  Mars  Reconnaissance  Orbiter,  and 
almost  500  other  space  applications  [11].  The  small  size,  low  power  requirement  and 
high  performance  of  the  BAE  RAD750  6U  single-board  computer  make  this  an  excel¬ 
lent  choice  for  CTEx.  In  addition  the  computer  offers  1553  interfaces  which  make  it 
compatible  with  the  ISS. 

Besides  the  actual  on-board  strengths  of  the  RAD750,  BAE  also  produces  a 
software  package  called  Virtutech  Sirnics  that  can  simulate  the  actual  computer.  This 
virtual  platform  allows  software  to  be  developed  and  tested  for  the  on-board  computer 
to  ensure  proper  functioning  before  operations  [11]. 

3.6  On-orbit  Calibration 

The  capability  to  calibrate  the  CTEx  instrument  remotely  in  its  operating  en¬ 
vironment  is  crucial  for  evaluation  of  whatever  data  is  taken  during  the  experimental 
tests.  Calibration  means  taking  sample  data  readings  from  a  well-defined,  well  known 
control  sample.  This  allows  the  development  of  a  baseline  against  which  can  be  mea¬ 
sured  the  instrument’s  performance.  In  this  way,  any  biases  or  anomalies  introduced 
by  the  instrument  in  the  produced  data  can  be  identified  and  taken  into  account 
when  actual  test  data  is  analyzed.  Calibration  from  a  sample  of  known  size,  radiance, 
position  and  distance  provides  surety  for  the  instrument’s  optical  path,  prism  spin 
rate,  focus  on  the  focal  plane  array,  FPA  positioning,  number  and  location  of  dead 
pixels  in  the  FPA,  data  read-out  and  transfer,  and  data  processing  on-instrument 
or  on-ground.  It  also  provides  a  benchmark  against  which  the  instrument  controls 
can  be  measured,  i.e.  if  a  command  is  uplinked  for  the  prism  to  spin  at  10  Hz,  is  it 
actually  spinning  at  that  rate  and  if  not,  does  the  issue  lie  with  the  rotation  stage  or 
the  control  electronics?  A  well  designed  calibration  capability  is  essential  to  confident 
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operation  of  the  instrument  and  confidence  in  the  data  returned  to  the  ground.  Given 
that  this  is  an  experimental  proof-of- concept,  calibration  is  even  more  crucial  to  the 
integrity  of  the  data. 

Ground  or  air-breathing  based  hyperspectral  instruments  offer  the  convenience 
of  hands-on  testing.  Not  so  for  our  space-based  application.  Since  the  CTEx  instru¬ 
ment  will  be  based  on  the  ISS  our  calibration  control  sampling  options  are  going  to 
be  limited.  With  other  space-based  hyperspectral  (or  really  any  imaging)  instruments 
a  common  method  for  performing  calibration  is  to  rotate  the  satellite  so  the  imager 
can  take  readings  off  of  the  sun,  specific  stars,  or  less  commonly  the  moon.  These 
methods  cannot  be  used  since  the  space  station  cannot  be  turned  and  the  instrument 
is  limited  to  pointing  at  the  Earth. 

There  are  two  general  methods  that  can  be  considered  for  calibration  specimens. 
One  is  to  use  a  particular  swath  of  earth  or  earth-based  targets  of  will  known  spectral 
and  illumination  signature.  Possibilities  in  this  arena  include  polar  regions  of  flat 
ice,  homogenous  desert  regions,  or  placid  water  regions.  This  option  has  the  advan¬ 
tage  of  requiring  no  additional  capabilities  for  the  instrument  and  thus  less  cost  and 
complexity.  This  advantage  probably  does  not  outweigh  the  disadvantages  which  are 
that  the  spectral  signature  is  probably  not  going  to  be  know  to  the  resolution  wanted 
for  instrument  calibration.  Optimally,  the  calibration  test  bed  would  provide  known 
spectral  signature  within  the  bounds  of  the  desired  spectral  resolution  expected  in  the 
experiment.  This  hasn’t  been  completely  defined  at  this  time,  but  a  good  measure 
would  be  no  more  than  two  times  the  FPA’s  pixel  pitch,  or  approximately  20  /im. 

The  second  method  to  consider  is  an  on-instrument  test  bed.  This  would  entail 
incorporating  a  light  emitting  array  with  elements  emitting  at  well-defined  wave¬ 
lengths  over  the  FPA’s  designed  spectral  range  onto  the  instrument.  This  test  array 
will  need  to  be  designed  in  such  a  way  that  when  the  instrument  is  being  calibrated 
it  is  looking  only  at  the  test  array,  with  no  other  noise  (stray  light)  passing  through 
the  optical  path.  Some  existing  instruments  perform  this  function  by  using  a  design 
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that  allows  the  imposition  of  a  mirror  into  the  normal  optical  path,  changing  the 
source  from  the  normal  aperture  to  the  control  elements.  For  the  CTEx  instrument, 
a  better  way  to  do  this  might  be  to  incorporate  an  array  of  light  emitting  diodes 
(LEDs)  onto  the  inner  surface  (facing  into  the  instrument)  of  a  mechanical  aperture 
shutter.  Although  this  will  increase  the  complexity  of  the  instrument,  it  also  provides 
the  required  calibration  capability  and  allows  selection  of  very  specific  wavelength  pa¬ 
rameters  to  test  against.  The  shutter,  being  closed  when  calibrating  the  instrument, 
eliminates  stray  light  contamination  thereby  providing  a  clean  sample.  Further,  since 
the  exact  positions  of  the  LEDs  relative  to  the  instrument  optical  axis  will  be  known, 
this  arrangement  will  also  serve  to  ensure  the  optical  elements  in  the  instrument  have 
maintained  correct  position  (optical  collimation  is  maintained). 

LEDs  provide  the  advantages  of  low  power  requirements  (several  miliwatts  per 
LED),  small  size  (3mm  or  smaller),  and  the  ability  to  be  engineered  to  specific  wave¬ 
lengths  across  our  spectral  band.  They  also  have  excellent  mean  time  before  failure 
rates  and  operate  well  across  a  broad  temperature  range.  Figure  3.18  provides  a  set  of 
performance  data  for  one  particular  commercial  LED  series  to  illustrate  these  points. 
Beyond  this,  a  single  LED  can  be  engineered  to  emit  in  one  of  several  bands  at  a  time 
if  desired. 

3.7  Overall  Design  Space 

CTEx  design  trade-space  analysis  up  to  this  point  has  been  a  component-by¬ 
component  exercise.  In  the  end,  these  separate  parts  will  have  to  work  together  as 
a  unit  and  will  have  to  be  oriented  in  a  way  that  allows  the  instrument  to  fit  into 
the  available  space  on  the  ISS  JEM-EF  platform.  Specific  component  selection  has 
not  yet  taken  place,  nor  has  optical  design  been  completed,  much  less  finalized.  That 
being  the  case,  it  is  not  yet  possible  to  produce  an  instrument  model  with  any  kind 
of  spatial  fidelity.  Regardless,  the  analysis  performed  leads  to  some  conclusions  on 
components  that  must  be  included  in  the  instrument.  A  notional  graphic  of  these 
components  and  placement  is  included  in  Figure  3.19. 
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Figure  3.18:  Forge  Europa  LED  product  data  sheet. 
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Referring  to  the  support  capabilities  on  the  JEM-EF,  or  any  of  the  exposed 
facilities  on  the  ISS  (Appendix  H),  it  appears  that  CTEx  will  be  well  within  support 
parameters  in  power  requirements  and  mass.  Size,  length  in  particular,  may  prove  to 
be  a  more  problematic.  This  depends  a  great  deal  on  the  final  telescope  design.  A 
mechanical  slewing  mechanism,  if  chosen,  will  complicate  the  matter. 

3. 7. 1  Materials  and  Structure.  An  issue  that  has  appeared  in  discussions  of 
several  component  trade-spaces  is  that  of  thermal  effects.  These  effects  were  particu¬ 
larly  troublesome  with  regard  to  the  direct  vision  prism  and  achromatic  focusing  lens 
due  to  asymmetric  material  expansion  rates.  Thermal  issues  must  also  be  considered 
in  design  choices  for  the  CTEx  instrument  as  a  whole.  CTEx  on  the  ISS  will  be 


passing  into  and  out  of  Earth’s  shadow  about  15  times  per  sidereal  day.  It  is  difficult 
to  estimate  the  effects  this  may  have  on  the  instrument  until  the  final  configuration 
and  positioning  are  known.  Still,  it  is  prudent  to  take  thermal  effects  into  account  in 
a  precautionary  sense.  In  the  case  of  the  CTEx  instrument  as  a  whole,  differential 
heating  could  pose  significant  problems  with  optical  collimation  and  joint  tolerances 
if  a  slewing  mechanism  is  involved. 

When  the  Hubble  Space  Telescope  (HST)  was  initially  released  into  orbit  in 
April  1990  a  large,  unexpected  pointing  disturbance  quickly  became  apparent.  This 
disturbance  was  far  greater  than  the  tolerances  required  for  the  pointing  control  sys¬ 
tem  and  coincided  with  HST  moving  into  or  out  of  shadow.  This  coincidence  is  readily 
apparent  in  Figure  3.20. 

Investigation  by  NASA  revealed  the  disturbances  were  caused  primarily  by  dif¬ 
ferential  heating  of  the  front  and  back  sides  of  the  solar  array  frames.  A  temperature 
gradient  of  20°C  was  established  after  only  30  seconds  of  exposure  to  the  Sun.  The 
temperature  gradient  induced  a  slip/stick  condition  in  joints  related  to  solar  array 
slewing.  As  it  turned  out  resulting  vibrations  overwhelmed  the  pointing  control  sys¬ 
tems  ability  to  compensate  [22,  15-21],  The  solar  arrays  were  redesigned  and  replaced 
during  the  servicing  mission  which  corrected  the  HST  mirror  aberration. 

This  cautionary  tale  was  related  here  to  emphasize  the  catastrophic  effects  that 
can  result  from  failure  to  take  into  account  space  environment  effects.  Choice  of 
materials  and  component  placement  are  essential  elements  for  dealing  with  rapid 
heating  and  cooling  effects  in  space. 
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Figure  3.20:  The  HST  experienced  significant  pointing  disturbances  in  all  three  axes 
coinciding  with  the  instrument  moving  into  or  out  of  sunlight  [22] 


IV.  Concept  of  Operations 

4-1  Platform  and  Orbit 

The  basic  operational  assumptions  for  this  experiment  are  that  CTEx  will  be 
operated  from  the  ISS  Japanese  Experimental  Module  (JEM)  Exposed  Facility  (EF), 
although  there  are  other  options  on  the  ISS  as  pointed  out  in  Chapter  III.  This 
places  the  CTEx  in  a  low-Earth  orbit  of  about  350  km  altitude.  Figure  H  provides 
a  description  and  graphics  of  the  JEM.  Figure  4.2  provides  resource  data  available 
for  operations  on  the  JEM-EF.  The  maximum  mass  budget  of  550kg  should  be  more 
than  enough  to  handle  CTEx.  The  same  is  true  for  available  power,  which  at  3kW  is 
probably  at  least  six  times  CTEx  demand.  The  size  constraint  of  1.5m3  is,  by  far,  the 
biggest  concern,  but  should  be  manageable.  The  entire  set  of  ISS  orbital  ephemeris 
data  can  be  found  in  Appendix  D. 

Since  the  CTEx  is  tied  to  the  ISS  there  is  no  real  trade-space  to  speak  of.  The 
orbit  is  fixed,  as  is  the  space  station  itself.  One  of  the  advantages  of  having  an  imager 
that  is  the  payload  of  its  own  satellite  bus  is  the  ability  to  adjust  orientation  or  even 
orbit  to  some  extent  if  desired.  In  the  case  of  CTEx  those  options  are  not  available. 
On  the  other  hand,  the  support  functions  offered  on  the  ISS  are  reasonable  trade  offs 
for  the  freedom  of  movement  with  a  dedicated  satellite  bus.  Power,  stability,  attitude 
control,  and  communications  are  all  essentially  free  for  the  CTEx  instrument. 

As  discussed  in  the  previous  chapter,  the  ISS  is  orbiting  at  an  altitude  of  ap¬ 
proximately  350km,  with  a  velocity  of  7.69km/s  and  an  orbital  period  of  about  90 
minutes.  Using  these  and  the  ephemeris  data  for  the  ISS,  once  the  CTEx  instrument  is 
in  place  on  the  JEM-EF  and  system  checks  are  completed  operations  can  commence. 

4-2  System  Check 

Upon  placement  onto  the  JEM-EF  there  are  a  series  of  checkouts  that  will  have 
to  be  conducted  to  ensure  it  is  ready  to  operate.  The  assumption  being  made  here 
is  that  the  control  network  for  the  instrument  will  be  designed  to  include  sensors  to 
provide  instrument  health  and  status  information  which  can  be  read  and  interpreted 


The  Japanese  Experiment  Module  is  the  first  crewed  space  facility  ever  developed  by 
Japan.  The  Pressurized  Module  (PM)  is  used  mainly  for  microgravity  experiments. 
The  Exposed  Facility  (EF)  is  located  outside  the  pressurized  environment  of  the  ISS. 
Numerous  experiments  that  require  direct  exposure  can  be  mounted  with  the  help  of 
the  JEM  remote  manipulator  and  airlock.  Logistics  components  will  be  launched  in 
the  Experiment  Logistics  Module  Pressurized 
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Figure  4.1:  The  Japanese  Experimental  Module  provides  an  excellent  platform  for  an 
experimental  space-based  instrument  [2], 
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JEM-EF  Resources 

Mass  capacity 

550  kg  (1,150  lb)  at  standard  site 
2,250  kg  (5,550  lb)  at  large  site 

Volume 

1.5  m3 

Power 

3-6  kW,  113-126  VDC 

Thermal 

3-6  kW  cooling 

Low-rate  data 

1  Mbps  (MIL-STD-1553) 

High-rate  data 

43  Mbps  (shared) 

Figure  4.2:  The  JEM  exposed  platform  provides  plenty  of  power,  space,  capability  to 
handle  mass,  and  enough  communications  to  accommodate  CTEx.  [2] 

at  a  ground  control  station.  These  checkout  actions  are  listed  in  Table  4.1.  This  is 
not  an  all  inclusive  list;  there  are  likely  to  be  additional  actions  needed  during  this 
period. 

As  noted  above,  the  systems  check  out  table  is  not  exhaustive,  and  each  checkout 
event  listed  will  require  checklists  of  specific  subsets  of  actions  needed  to  accomplish 
those  checks.  If  the  CTEx  instrument  follows  the  average  historical  path  it  will 
probably  take  between  one  and  two  months  for  full  system  checkout  to  be  completed 
and  the  instrument  ready  for  actual  test  event  collection. 

4-3  Collection  Event 

The  orbit  of  the  ISS  provides  a  short  orbital  period  and  therefore  good  oppor¬ 
tunities  to  arrange  test  events  at  almost  any  location  between  63°North  and  South. 
Running  simulations  in  Satellite  Tool  Kit  provides  confidence  that  data  collection 
opportunities  will  be  available.  Selecting  Wright  Patterson  AFB  as  a  hypothetical 
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Table  4.1:  On-orbit  Systems  Check  Items 


Check-out  Item 

Purpose/  Justification 

Data  uplink 

Ensure  ground-to- 

CTEx  communications; 

command-and-control 

Data  downlink 

Ensure  CTEx-to-ground 

communications;  command 
receipt;  proper  feedback 

Data  in-out  with  ISS 

Ensure  proper  communica¬ 
tions  between  instrument 
and  ISS  support /GPS  posi¬ 
tioning  data/timing 

Sensors  Read 

Check  health  and  welfare  - 
power,  temperature,  timing, 
position(s) 

Command  &  Control  boot  up 

Start  computer  processor 

Software  check 

Ensure  processes  are 

functioning/ responding 
correctly 

Calibration  LEDs 

Ensure  proper  functioning, 
on/off 

FPA 

Use  LEDs  to  check  photons 
in/voltage  out;  check  pixel 
health 

Secondary  Memory 

Check  on/off;  read/ write 
functions 

Data  routing  and  storage 

Ensure  proper  data  routing 
to  camera  memory  and  to 
secondary  solid-state  stor¬ 
age;  check  camera  memory 
clear  capability 

Prism  rotation  table  and  optical  encoder 

Check  functioning;  posi¬ 
tioning;  control 

Camera  Electronic  Aperture 

Test  ability  to  vary  frame 
rate;  check  read  rate 

Prism  Rotation  Table  and  Camera  Electronic  Aperture 

Check  synchronization; 

data/feedback  merge; 

control 

Telescope  Aperture 

Ensure  open/close 

Telescope 

Check  control;  component 
alignment;  optical  path 
throughput;  nadir  pointing 

Integrated  System 

Check  ability  to  capture 
ground  reflected  scene  in- 
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formation  on  command  and 
downlink  data 

test  site,  and  using  baseline  requirements  for  the  CTEx  instrument  and  a  focal  length 
for  the  primary  mirror  of  625mm,  these  simulations  indicate  acceptable  instrument 
coverage  and  good  probability  of  a  collectable  time  period  (Figure  4.3)  during  any 
representative  month. 


Coverage  for  ISS- 

CTEx 

Access 

Access  Start  (UTCG) 

Access  End  (UTCG) 

Duration  (sec) 

Asset  Full  Name 

1 

1 

Jul 

2009 

21:43:52.487 

1 

Jul 

2009 

21:43:53.381 

0.894 

Wright-Patterson 

2 

15 

Jul 

2009 

15:54:09.293 

15 

Jul 

2009 

15:54:15.669 

6.375 

Wright-Patterson 

Global  Statistics 

Min  Deration 

1 

1 

Jul 

2009 

21:43:52.487 

1 

Jul 

2009 

21:43:53.381 

0.894 

Wright-Patterson 

Max  Duration 

2 

15 

Jul 

2009 

15:54:09.293 

15 

Jul 

2009 

15:54:15.669 

6.375 

Wright-Patterson 

Mean  Duration 

3.635 

Total  Duration 

7.269 

Probability  of  Coverage 

Collection  Probability  for  ISS-CTEx 

Collection 

Time  From  Request  (hr)  Probability  of 

0.000 

0.00 

9.731 

4.19 

330.171 

96.28 

356.096 

100.00 

Figure  4.3:  CTEx  coverage  times  and  coverage  probability  for  Wright-Patterson  over 
one  month. 

4-3.1  Test  Plan.  A  collection  event  for  CTEx  will  begin  with  choice  of 
location  and  target.  Knowing  the  orbital  elements  for  the  ISS,  the  test  site  can  be 
set  many  months  in  advance  with  good  confidence  of  exactly  when  the  instrument 
will  pass  overhead.  For  each  experimental  event  a  detailed  test  plan  will  need  to  be 
developed.  As  a  first  step,  an  overall  test  director  must  be  appointed  who  has  the 
knowledge  and  authority  to  deal  with  all  the  disparate  elements  that  will  be  involved. 


In  conjunction  with  the  location  and  test  event  choices,  particular  considera¬ 
tions  must  be  taken  into  account.  These  include  the  ability  of  the  site  to  host  the 
desired  event  and  the  amount  of  time  needed  to  apply  for  authorizations,  gather  and 
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arrange  logistics,  and  arrange  for  needed  personnel  to  include  any  training  (safety, 
certifications,  etc)  they  may  require.  If  testing  is  taking  place  at  an  actual  Air  Force 
or  other  Service  test  range,  many  of  these  things  will  be  provided  as  a  matter  of 
course.  Nevertheless,  they  will  have  to  be  accounted  for  in  planning.  Keeping  in 
mind  that  the  purpose  of  CTEx  is  to  demonstrate  the  utility  and  uniqueness  of  par¬ 
ticular  Chromotomographic  imaging  principles,  arrangements  must  also  be  made  to 
take  ground-truth  data  at  the  test.  Equipment  and  personnel  must  be  present  at 
the  test  site  to  provide  baseline  measurements  of  the  spectral  and  spatial  information 
against  which  the  CTEx  data  can  be  compared. 

4-3.2  CTEx  Data  Collection.  Once  a  test  plan  has  been  implemented  and 
the  test  site  prepared,  the  data  collection  event  can  commence.  Prior  to  the  actual 
test  event  calibration  needs  to  take  place  for  the  reasons  set  forth  in  Section  3.6. 
A  specific  time  period  for  calibration  is  hard  to  estimate  at  this  point.  The  actual 
calibration  actions  on  the  instrument  should  be  able  to  be  accomplished  fairly  rapidly. 
The  greater  time  demand  will  be  in  downlinking  and  analyzing  the  calibration  data. 
This  could  be  approached  in  one  of  two  ways.  The  data  from  calibration  could  be 
downlinked  and  analyzed  prior  to  the  actual  test  event  collection.  Due  to  the  limited 
downlink  speed  this  may  take  considerable  time  depending  on  the  data  cube  size 
taken  for  calibration.  The  other  option  would  be  take  and  hold  calibration  data  in 
secondary  storage  and  examine  it  after  the  test  event.  Since  the  closer  in  time  the 
calibration  is  taken  to  the  test  event  the  more  validity  it  will  have,  the  second  option 
is  probably  the  better. 

After  calibration,  the  telescope  aperture  doors  will  be  opened  and  the  prism 
spun  up  to  the  desired  setting  for  that  particular  event.  Software  driven  collection 
(windowing)  will  be  initiated  to  coincide  with  the  instrument  FOV  as  the  test  event 
enters  the  scene.  Timing  is  obviously  crucial  for  a  successful  collection.  Fortunately  a 
readily  available  source  of  precise  timing  is  GPS.  GPS  timing  is  available  on  the  ISS 
so  it  can  be  used  for  a  to  common  timing  mark  to  synchronize  camera  operation  and 
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test  event.  Timing  synchronization  is  more  of  an  issue  in  a  very  fast  transient  event 
like  an  explosion  rather  than  a  relatively  long  combustion  source  such  as  a  rocket 
engine  or  flare.  Even  for  these  less  demanding  events  though,  timing  markers  will  be 
important  since  the  data  taken  from  the  event  on  the  ground  will  need  to  match  up 
with  the  data  taken  from  CTEx  to  make  valid  comparisons.  The  criticality  of  timing 
between  the  event,  the  ground  truth  instrumentation  and  the  CTEx  raises  another 
issue.  Because  the  data  generation  rates  are  so  high  the  CTEx  cannot  be  run  for  long 
periods  of  time.  This  means  that  the  timing  of  the  command  to  begin  data  collection 
will  be  very  important.  This  being  the  case  there  is  a  communication  latency  issue 
which  must  also  be  taken  into  account.  The  time  it  takes  between  issuing  a  command, 
its  uplink  to  the  ISS,  transfer  to  the  CTEx  command  computer,  and  actually  executed 
must  be  well  established  and  accounted  for  in  the  event  time  line.  Again,  this  is  less 
of  an  issue  for  a  long  duration  event  like  a  fire,  but  it  still  must  be  budgeted  for  to 
ensure  the  instrument  hasn’t  partially  or  fully  overflown  the  test  position  before  data 
collection  actually  begins.  But  if  the  command  is  issued  too  early,  the  instrument 
may  run  low  on  available  memory  before  the  area  of  interest  enters  the  FOV.  Pre- 
loading  a  sequence  of  commands  to  be  executed  at  set  times  will  help  to  mitigate 
these  latency  issues.  Nevertheless,  even  under  those  circumstances  the  relative  times 
of  execution  between  the  CTEx  instrument  and  instrumentation  on  the  ground  is 
necessary.  Understanding  and  management  of  the  sequence  of  event  timing  then  is 
imperative  to  experimental  succuss. 

To  establish  good  spectral,  radiometric  and  spatial  data  for  each  test  event  there 
are  several  pieces  of  equipment  that  should  be  prepared  to  take  data  on  the  ground  in 
conjunction  with  the  CTEx  space-borne  instrument.  Among  those  already  used  for 
these  types  of  events  are  several  spectral-radiometers  and  imagers.  A  list  of  these  is 
provided  in  Figure  4.4,  all  of  which  have  been  used  for  fast  transient  explosive  tests 
as  shown  in  Figure  4.5.  At  least  three  instruments  should  be  taking  ground-level  data 
during  each  test  to  include  an  FTS  (Fourier  Transform  Spectrometer)  with  at  least  one 
silicon-based  FPA  to  collect  data  in  the  visible  wavelength  band,  a  terrestrial  version  of 
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the  CTEx  instrument,  and  a  high  speed  imaging  camera.  The  FTS  will  provide  base¬ 
line  spectral  and  radiometric  data  which  will  be  important  for  establishing  a  control 
for  the  experiment.  The  ground-based  CT  instrument  provides  a  direct  comparison 
data  base  against  which  to  measure  CTEx.  This  comparison  will  be  important  in 
helping  to  determine  whether  anomalous  data  from  CTEx  is  a  factor  of  the  instrument 
itself  or  transmission  through  the  atmosphere/space  environment  effects.  The  third 
instrument,  the  high  speed  camera,  will  help  by  giving  a  well  defined  time  versus 
spatial  dimension  information  for  the  test  event.  This  will  ensure  reconstruction  of 
the  event  in  time  with  high  precision.  Doing  this  will  allow  data  reconstruction  with 
high  confidence  that  any  particular  data  block  is  in  the  right  sequence  with  others. 
That  is  an  important  check  since  our  downlinked  data  may  not  arrive  in  the  correct 
time  order.  Beyond  this,  having  a  precise  time-spatial  profile  of  the  explosion  fireball, 
for  example,  is  a  good  control  for  the  spatial  data  coming  from  CTEx. 

Once  the  test  event  has  taken  place,  the  CTEx  camera  and  prism  rotation  will 
be  turned  off.  The  telescope  aperture  doors  will  be  closed  and  data  transferred  from 
the  camera  on-board  memory  to  secondary  storage.  When  that  has  been  completed, 
instrument  health  sensors  will  be  checked  to  ensure  the  CTEx  is  back  in  its  nominal 
configuration  with  camera  off,  aperture  doors  shut,  and  prism  in  initial  position  (0° 
angle  or  “straight  up”).  Then  a  post-event  calibration  should  also  be  conducted  us¬ 
ing  the  on-board  calibration  set  up.  All  data  will  need  to  be  partitioned  in  secondary 
storage  and  then  downlinked  in  chunks  to  the  ground  station(s)  where  it  will  eventu¬ 
ally  be  analyzed.  The  data  taken  from  the  ground  instruments  will  also  need  to  be 
exported  to  the  analysis  site. 

Chapter  III  (Section  3.5.1)  makes  clear  that  data  downlink  is  likely  to  be  a 
lengthy  affair,  over  30  hours  for  15GB  of  data.  Although  it  will  be  possible  to  take 
data  from  another  test  event  before  the  first  data  set  is  fully  off-loaded,  it  would  be 
better  to  do  at  least  a  preliminary  analysis  before  starting  another  run.  In  the  event 
that  there  are  problems  with  the  first  data  set,  these  can  be  identihed  and  addressed 
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Spectro-Radiometers 
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Figure  4.4:  Characteristics  of  equipment  that  has  been  used  in  characterizing  fast 
transient  events  in  the  past  [39]. 
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Figure  4.5:  Clockwise:  (a)  Artillery  shell  on  site  for  a  ground  explosion  test  event. 

Note  the  measurement  equipment  on  the  plateau  above,  (b)  Explosion 
event  from  artillery  shell  test,  (c)  A  longer  event  is  this  rocket  engine 
test.  [39] 
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so  they  are  not  repeated.  Otherwise  time  and  effort  may  be  wasted  executing  another 
collection  that  has  the  same  problems  as  the  first. 

Once  all  data  is  collected  and  examined  for  validity  the  test  director  should 
convene  some  sort  of  after  action  panel  to  go  over  the  test  event,  identify  problems 
and  issues,  and  make  recommendations  for  improvement.  These  then  should  be  im¬ 
plemented  for  the  next  round  of  testing  through  an  upgraded  test  plan.  Testing  then 
continues  in  an  iterative  fashion. 

4-4  Space  Environment  Considerations 

The  ISS  orbit  is  a  low-earth  orbit.  It  is  well  within  the  Earth’s  magnetosphere 
and  is  even  within  the  ionosphere  by  most  definitions.  Therefore  there  is  not  a  great 
deal  of  threat  to  the  CTEx  instrument  from  high  energy  particles  carried  by  the  solar 
wind,  under  most  circumstances.  The  orbit  is  well  out  of  the  Van  Allen  radiation 
belts,  which  range  from  roughly  2.5  to  6  earth  radii  in  altitude.  CTEx  will  still 
be  subject,  as  all  electronics  in  space  are,  to  the  possibility  of  Single  Event  Upsets 
(SEUs).  SEUs  result  in  a  bit  flip  caused  by  an  energetic  charged  particle  interacting 
with  processors  or  other  electronic  components  at  the  bit  level.  There  is  little  that 
can  be  done  to  protect  against  these  events,  but  CMOS  based  devices  are  inherently 
more  resistant  to  them  than  CCDs.  The  ISS  orbit  does  not  pass  through  the  polar 
cap  areas,  where  high  energy  particle  flow  into  lower  altitudes  is  most  prevalent,  but 
it  does  regularly  pass  through  the  South  Atlantic  Anomaly.  This  region,  located 
off  the  coast  of  Argentina,  is  another  region  where  Earth’s  magnetic  field  is  weak 
(see  Figures  4.6and  4.7).  This  weaker  geomagnetic  field  strength  results  in  charged 
particles  flowing  down  magnetic  field  lines  in  that  area.  Spacecraft  passing  through 
the  South  Atlantic  Anomaly  have  a  higher  probability  of  SEUs,  some  of  which  may 
cause  electronic  malfunctions  or  data  corruption.  The  bottom  graphic  in  Figure  4.6 
dramatically  demonstrates  the  high  rate  of  SEUs  in  the  area.  The  positioning  of 
more  susceptible  components,  such  as  the  CPU  or  FPA,  can  be  taken  into  account 
to  provide  some  level  of  shielding,  but  the  risk  cannot  be  totally  alleviated.  It  will 
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be  prudent  to  limit  CTEx  active  operations  as  much  as  possible  during  periods  when 
the  instrument  is  passing  through  this  area  in  its  orbit. 

Another  threat  from  the  space  environment  is  the  possibility  of  differential 
charging  between  components  or  areas  of  the  instrument  as  it  orbits.  Different  mate¬ 
rials  and/or  positioning  as  the  instrument  moves  from  sunlight  to  shadow  can  result 
in  the  buildup  of  positive  charge  on  some  surface  areas  and  negative  on  others  due 
to  photoelectric  effects.  If  a  great  enough  charge  differential  is  allowed,  an  arcing 
discharge  may  be  initiated.  This  tends  to  have  very  deleterious  effects  on  electronics 
nearby.  These  electrostatic  discharge  effects  can  be  minimized  through  instrument 
cover  design.  Another  possibility  is  the  addition  of  a  Faraday  cage  to  redistribute 
surface  charge  and  negate  electrostatic  buildup.  This  option  will  add  weight  and  cost 
to  the  instrument. 

To  summarize,  the  biggest  issues  facing  CTEx  operations  once  on  orbit  are  pri¬ 
marily  organizational  and  timing.  Careful  planning  and  precise  coordination  between 
instrument  operations  and  ground-based  test  events  will  be  critical  to  producing  good 
data.  This  is  particularly  the  case  for  test  events,  such  as  explosions,  where  rapidly 
changing  spatial  and  spectral  signatures  are  to  be  captured.  The  predictability  of 
the  ISS  orbit  and  use  of  GPS-based  timing  synchronization  should  help  to  ameliorate 
these  challenges. 
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Figure  4.6:  (Top)  The  South  Atlantic  Anomaly  is  an  area  of  weak  geomagnetic  field 
that  allows  charged  particles  to  concentrate  and  penetrate  to  lower  alti¬ 
tudes  resulting  in  higher  incidents  of  SEU.  (Bottom)  Data  from  two  LEO 
satellites  illustrates  the  high  rate  of  SEU  over  the  Anomaly.  [12,37] 
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Figure  4.7:  The  ISS  regularly  passes  through  the  South  Atlantic  Anomaly  in  its  orbit. 
A  higher  chance  of  SEUs  results.  [12] 
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V.  Conclusions 


5. 1  Thesis  Summary 

There  are  a  great  many  considerations  that  must  be  taken  into  account  in  trans¬ 
lating  a  lab-based  device  into  a  transportable,  operating  instrument.  This  is  true  in 
just  designing  a  terrestrial  instrument  much  less  one  that  must  be  operated  in  space. 
In  producing  this  thesis  the  design  and  key  operating  principles  of  the  rotating  prism 
chromotomography  scanner  were  examined.  The  principles  and  background  of  spec¬ 
troscopy  in  general  and  hyperspectral  imaging  in  particular  were  studied.  Examples 
of  early  and  more  recent  hyperspectral  designs  were  used  to  both  illustrate  some  of 
the  concepts  involved  and  to  provide  models  from  which  the  CTEx  instrument  could 
borrow.  Concentrating  on  space-based  instruments  helped  to  frame  a  lot  of  issues  that 
had  to  be  addressed  in  trade  space  analysis  for  CTEx.  These  areas  were  discussed  in 
Chapters  I  and  II. 

Chapter  III  was  dedicated  to  the  trade-space  analysis  for  the  planned  space- 
borne  instrument.  Areas  that  were  specifically  studied  were  the  front-end  system 
optics,  the  prism  itself  and  its  rotation  component,  the  focal  plane  array  and  issues 
associated  with  rapid  data  capture  and  reset,  data  generation  and  handling  to  include 
storage,  data  downlink  and  general  communications,  and  system  calibration.  Beyond 
straight  forward  trade-space  analysis,  instances  of  possible  design  problems  were  also 
identified. 

Chapter  IV  walked  through  requirements  for  actual  CTEx  data  collection.  A 
general  time-line  of  sequences  of  events  was  used  to  introduce  and  discuss  the  major 
considerations  for  conducting  the  actual  experimental  tests.  Although  the  primary 
focus  of  this  thesis  is  the  instrument  itself,  the  interactions  between  the  space  in¬ 
strument  and  the  ground  were  explored.  Those  interactions  illustrated  the  very  close 
dependence  of  events  taking  place  in  space  and  on  the  ground  which  must  be  coordi¬ 
nated  for  successful  testing.  There  are  three  basic  criteria  defining  success  for  CTEx. 
These  are  collecting  usable  data  from  test  events  that  include:  a  single  hyperspec¬ 
tral  image  with  no  time  component  (a  snapshot),  a  large,  relatively  slow  changing 
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transient  event,  and  a  rapidly  changing  transient  event.  Of  these,  the  fast  transient 
event  will  demonstrate  the  capability  of  CTEx  that  differentiates  it  from  all  other 
space-borne  hyperspectral  imagers  operating  through  2009. 

5.2  Issues 

This  thesis  has  brought  to  light  several  trade-space  issues  that  will  need  to  be 
decided  upon  for  the  design  to  move  forward.  Some  of  these  can  only  be  resolved 
through  testing  while  others  will  require  choices  to  be  made  by  the  end-users  of  the 
expected  data.  One  of  the  most  comprehensive  issues  is  that  of  operating  the  various 
components  in  a  space  environment.  Options  for  existing  hardware  for  the  front-end 
optics,  prism  and  prism  rotation  table,  camera  and  FPA,  and  data  storage  devices 
have  been  presented.  The  one  common  factor  to  all  of  these  components  is  that  none 
of  them  have  been  used  in  space  nor  have  any  been  tested  for  ability  to  operate  in 
space  where  near  vacuum  and  thermal  considerations  must  be  taken  into  account. 
COTS  hardware  was  specifically  considered  for  this  project  to  limit  cost  and  risk,  the 
fact  is  that  some  of  these  components  will  require  significant  customization  because  of 
the  space  environment.  Customization  will  partly  negate  the  advantages  of  choosing 
COTS  components  in  the  first  place. 

Specific  components  that  will  need  customization  are  the  telescope,  the  prism 
and  its  associated  rotation  mechanism,  the  camera,  and  possibly  the  secondary  mem¬ 
ory.  Beyond  the  capacity  to  operate  in  space,  all  of  these  components,  in  their  off-the- 
shelf  forms,  assume  an  ability  for  the  operator  to  access  and  adjust  them  by  hand  if 
needed.  The  requirement  to  be  able  to  remotely  operate  this  instrument  and  address 
problems  without  hands-on  intervention  is  not  a  trivial  one.  Just  one  example  is  the 
front-end  telescope.  It  appears  at  this  point  that  these  optics  will  be  engineered  and 
produced  by  RC  Optical  Systems.  A  brief  visit  to  the  company’s  web  pages  provides 
a  strong  indication  of  the  requirements  for  optical  collimation.  Technical  articles  on 
how  to  accomplish  this  collimation  with  their  existing  products  illustrate  the  absolute 
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necessity  of  collimation  and  also  assume  hands-on  capability  to  do  so.  The  article  on 
collimation  procedures  for  Ritchey-Chretien  telescopes  is  included  in  Appendix  E. 

Another  possible  problem  that  presented  itself  during  the  course  of  this  study  is 
that  of  thermal  stresses  on  the  direct  vision  prism.  This  also  applies  to  the  achromatic 
focusing  lens.  Thermal  cycling  testing  will  need  to  be  done  to  determine  if  there  is 
a  real  risk  of  the  prism  or  lens  separating  due  to  differences  in  thermal  expansion 
and  contraction  between  the  materials  used  in  these  components.  The  possibility  of 
thermal  gradient  differences  between  structural  members  must  also  be  considered  to 
avoid  issues  such  as  that  which  affected  Hubble  as  related  in  Section  3.7.1. 

A  trade-space  decision  that  must  be  addressed  by  the  data  customer  is  the 
method  used  to  stare  at  a  test  event  for  data  collection.  The  windowing  method 
described  in  Chapter  III  is  less  costly,  probably  more  precise,  and  presents  less  risk  of 
hardware  failure.  It  also  only  allows  for  very  limited  data  collection  time  per  event. 
Mechanical  slewing,  whether  using  a  rotation  bench  or  a  slewing  mirror  greatly  in¬ 
creases  the  mechanical  complexity  of  the  instrument,  adds  mass,  and  presents  greater 
risk.  It  also  will  allow  the  instrument  to  achieve  the  full  10  second  data  collection 
requirement.  The  end  user  will  have  to  make  an  assessment  as  to  whether  the  short 
data  collection  (on  the  order  of  2-3  seconds)  is  sufficient  or  it  is  worth  the  additional 
costs  of  mechanical  slewing. 

Although  there  are  a  number  of  issues  that  will  need  to  be  resolved  in  the  design 
and  construction  of  CTEx,  this  is  not  unexpected.  One  of  the  primary  purposes  of 
this  thesis  was  to  identify  these  issues  so  they  can  be  addressed  early  in  the  design 
process.  Proper  design  study  and  testing  should  successfully  settle  the  problems  that 
have  been  noted. 

5.3  Further  Study  Needed 

This  thesis  is  the  first  study  undertaken  to  identify  the  major  engineering  issues 
and  tradeoffs  involved  with  designing  the  CTEx  and  using  it.  However,  this  is  by  no 
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means  an  exhaustive  nor  comprehensive  analysis.  There  are  a  number  of  areas  that 
have  yet  to  be  examined  before  this  instrument  can  be  built,  much  less  launched  and 
operated  in  space. 

Among  these  areas  still  to  be  worked  are  instrument  control,  structural  design 
and  fit  of  specific  components,  and  testing  and  certification  for  space  operations. 
Control  is  a  very  complicated  problem.  The  controls  mechanism  for  CTEx  will  have 
to  include  synchronization  between  the  prism  rotation  table  and  optical  encoder  and 
the  camera.  It  will  require  some  sort  of  position  feedback  data  loop  for  the  prism 
position.  It  must  be  able  to  operate  the  telescope,  the  camera,  the  front-end  aperture 
doors,  the  calibration  LEDs,  and,  if  mechanical  slewing  is  employed,  be  able  to  control 
those  movements  with  extreme  precision.  Software  will  have  to  be  written  to  execute 
these  functions  as  well  as  to  move  data  from  the  camera  to  secondary  storage,  perform 
any  pre-downlink  processing  such  as  data  compression,  downlink  large  masses  of  data 
with  reliability  and  some  form  of  data  packet  encoding  to  ensure  all  packets  are 
sent  and  arrive  and  are  able  to  be  reconstructed  in  the  proper  sequence.  Electrical 
power  will  have  to  be  distributed  to  various  components  such  as  the  camera,  rotation 
table  and  LEDs  at  the  proper  voltages,  cycles  and  wattage.  There  will  need  to  be 
system  health  and  status  sensors  that,  at  a  minimum,  will  report  on  temperature, 
power,  and  instrument  component  position.  Timing  will  be  essential  to  coordinate 
operations  between  CTEx  and  the  ground,  and  for  proper  operation  of  the  CMOS 
FPA,  particularly  if  the  windowing  data  capture  method  is  used  since  rapid  pixel 
readout  and  electronic  control  of  specific  pixel  activation  will  be  paramount.  All  of 
this  must  be  taken  into  account  under  the  heading  of  “control” . 

Analysis  of  major  issues  trade-offs  for  various  major  components  for  the  CTEx 
instrument  has  been  completed.  What  has  not,  and  cannot  be  done  until  specific 
components  are  actually  selected  is  modeling  and  fitment  for  the  instrument  as  a 
whole.  As  a  reminder,  as  much  COTS  equipment  as  possible  is  being  used  to  hold 
down  costs  and  lower  risk  by  buying  more  mature  technology.  The  downside,  or  trade- 
space,  of  this  strategy  is  that  the  various  components,  i.e.  telescope  and  prism  rotation 
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table,  have  never  been  incorporated  into  a  single  design  to  work  together  as  a  whole. 
This  being  the  case,  work  will  need  to  be  done  on  exactly  how  to  fabricate  CTEx 
with  all  the  parts  working  in  conjunction  with  each  other.  The  overall  packaging  to 
fit  onto  the  JEM-EM,  or  other  ISS  platform,  and  correctly  connect  with  the  supplied 
power  and  communications  links  will  also  have  to  be  modeled.  Part  of  this  design 
work  will  need  to  consider  the  materials  used  for  structure  and  housing.  As  discussed 
in  Sections  3.3  and  3.7.1,  care  must  be  taken  to  account  for  differences  in  material 
properties  that  could  result  in  problems  due  to  thermal  cycling  or  even  differential 
charging  between  parts  as  the  ISS  orbits  and  passes  through  high  particle  energy 
portions  of  the  ionosphere. 

This  trade-space  analysis  is  only  an  initial  step  in  the  design  and  construction 
of  CTEx.  Engineering  design  and  analysis  of  each  of  the  instrument  components, 
followed  by  overall  instrument  design  and  construction  is  a  natural  progression  for 
the  project.  It  is  inevitable  that  as  these  steps  are  taken  further  challenges  will 
present  themselves  and  be  resolved  in  turn. 

5-4  Testing 

A  crucial  area  of  further  work  on  CTEx  will  be  extensive  testing.  Not  only  will 
the  instrument  need  to  be  tested  to  ensure  it  works  as  designed  and  produces  the  data 
needed,  but  very  stringent  requirements  for  operation  in  space  must  be  met  to  satisfy 
NASA  and  ESA  (European  Space  Agency)  space  qualifications.  This  is  the  sin  quo 
non  of  this  instrument.  If  it  isn’t  space  rated,  it  doesn’t  fly. 

The  actual  regulations  are  too  numerous  and  beyond  the  scope  of  this  thesis  to 
go  into  in  any  detail.  Suffice  it  to  say  that  safety  standards  for  strength,  electrical 
hazard,  overheating,  and  others  will  have  to  be  tested  for.  Each  component  must  be 
tested  and  the  instrument  as  a  whole  must  be  tested,  under  all  operating  regimes. 

Therefore,  a  well  designed,  planned,  and  executed  test  regime  must  be  accom¬ 
plished.  The  test  program  completion  will  naturally  be  one  of  the  last  steps  prior 
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to  launch.  This  being  the  case,  actual  testing  must  wait  not  only  until  specific  com¬ 
ponents  are  selected  and  fitted,  but  produced  and  delivered.  The  test  planning  and 
design  can  be  accomplished  earlier  though.  Some  of  the  main  components  a  compre¬ 
hensive  test  program  will  have  to  include  are:  G-testing  (mainly  for  launch  survivabil¬ 
ity),  vibration,  noise  production  by  the  instrument,  thermal  cycling  effects,  operation 
in  a  vacuum,  and  software  testing.  It  cannot  be  stressed  enough  that  testing  will  be  a 
major  undertaking  and  require  significant  time  and  resources  in  man  hours,  lab  time, 
logistics  and  analysis. 

Finally,  there  is  specific  instrument  information  that  will  be  needed  that  can 
only  be  gathered  through  empirical  testing.  Besides  the  vibration  and  thus  jitter  data, 
one  of  the  most  important  data  sets  is  that  of  system  noise.  This  can  be  estimated 
through  modeling  to  some  extent,  but  one  never  really  knows  what  the  system  noise 
will  be  until  it  is  actually  tested.  Once  system  noise  is  known,  and  having  data  for 
pixel  sensitivity  (quantum  efficiency),  floors  for  signal-to-noise  ratio  (SNR)  can  be 
derived.  Thus  minimum  signal  strength  for  data  capture  can  be  established.  One 
must  keep  in  mind  that  the  faster  the  prism  revolves  and  the  faster  the  camera  frame 
rate,  the  less  signal  per  unit  time  reaches  the  focal  plane  array,  assuming  radiance  is 
constant.  Using  radiometric  data  the  required  radiant  power  for  an  event  to  register 
with  CTEx  under  various  operating  conditions  will  be  established.  This  is  important 
to  avoid  wasting  time  and  resources  trying  to  collect  on  a  test  event  if  there  is  no 
hope  of  the  pixels  in  the  FPA  being  able  to  register  the  incoming  photons  because 
there  are  too  few  of  them. 

Testing  is  going  to  be  a  major  component  in  the  overall  production  of  CTEx. 
The  safety  requirements  and  the  ability  of  the  instrument  to  perform  as  expected  must 
be  thoroughly  vetted  to  ensure  success.  This  is  true  though  of  any  space  experiment. 
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5.5  Conclusion 


The  CTEx  instrument  is  a  bold  initiative  that  promises  to  introduce  new  ca¬ 
pabilities  in  the  field  of  hyperspectral  imaging.  There  are  significant  challenges  in 
designing,  constructing  and  operating  this  HSI.  This  thesis  has  investigated  these 
challenges  and  identified  problem  areas  and  design  trade-spaces  that  must  be  resolved 
as  an  initial  step  towards  launching  and  operating  CTEx  in  space.  A  summarization 
of  the  major  instrument  component  decision  areas  is  presented  in  Table  5.1.  The 
successful  resolution  of  these  issues  as  CTEx  is  engineered  will,  in  the  end,  lead  to  a 
successful  instrument  and  successful  experiment.  Hyperspectral  analysis  of  fast  tran¬ 
sient  events  is  in  its  infancy.  The  successful  fielding  of  CTEx  will  open  up  numerous 
areas  of  research  in  Physics,  Earth  Science,  Meteorology  and  others,  as  well  as  proving 
a  technology  with  direct,  immediate  applications  for  the  Department  of  Defense  and 
possibly  Homeland  Security. 
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Table  5.1:  Summary  of  Trade-Space  Issues 


Issue 

Choices 

Comments 

Front-end  Optics 

Refractive  vs  Reflective 

Reflective  optics  offer  great  ad¬ 
vantages  in  less  aberration,  bet¬ 
ter  stability,  less  susceptibility 
to  thermal  distortion  and  better 
scalability 

Telescope  Design 

Complexity  vs  Available  Space 

An  off-axis  Mersenne  design  pro¬ 
vides  a  good  compromise  be¬ 
tween  compactness  and  the  nec¬ 
essary  placement  of  a  field  stop 
and  light  collimation  leading  into 
the  prism.  A  simple  Ritchey- 
Chretian  may  not  fit  the  avail¬ 
able  space. 

Direct  Vision  Prism 

Bonded  materials  vs  customized, 
gapped  design 

Thermal  cycling  may  break 
bonded  layer.  A  space-gapped 
DV  prism  would  avoid  this. 
Testing  is  needed  to  determine 
prism  susceptibility  to  thermal 
failure.  The  issue  may  be  alle¬ 
viated  through  passive  thermal 
protection. 

Rotation  Table 

Rate  vs  Accuracy 

Recommend  prism  rotation  con¬ 
trol  in  increments  of  10^  Hz;  N 
=  0,  1,  2,  3.  This  provides  a 
range  of  rotation  rate  while  of¬ 
fering  precise  set  points  for  well 
defined  controllability. 

Focal  Plane 

CCD  vs  CMOS 

Requirements  for  focal  plane 
throughput  strongly  indicates  in 
favor  of  CMOS. 

Camera 

Frame  Rate  vs  Resolution 

User  input  required:  1000  frames 
per  second  requirement  favors 
Photron  Fastcam  SA2;  higher 
rates  favor  Phantom  vl2.1. 

Memory 

Hard  Disk  vs  Flash-Solid  State 
vs  DRAM-Solid  State 

DRAM-SSD  is  more  expensive 
but  clearly  has  superior  perfor¬ 
mance  and  is  more  robust  for 
space  environment. 

CPU 

Capability 

BAE  systems  RAD750  family 
of  single-board  computers  is 
space-rated  off-the-shelf,  mature, 
proven  and  compatible  with  ISS 
data  architecture. 

Scene  Staring  Technique 

Mechanical  vs  Electronic  Slewing 

User  input  required:  Mechani¬ 
cal  slewing  adds  complexity  and 
risk  but  meets  time  requirements 
for  data  collection  per  test  event. 
Electronic  slewing  requires  no 
additional  components  but  only 
provides  25%  of  requested  data 
collection  and  may  be  difficult 
to  accomplish  due  to  demanding 
precision  timing. 

Calibration 

External  vs  Internal 

LED  lights  mounted  on  aperture 
doors  provide  good  spectral  and 
spatial  calibration. 

Appendix  A.  Operational  Hyperspectral  Imagers  [45] 


Name 

Full  Name 

Manufacturer 

Country 

Number  of 
Bands 

Spectral 

Range 

(pm) 

Band  Width 
at  FYVH.W 
(nm) 

AAHIS 

Advanced  Airborne 
Hyperspectral  Imaging 
System 

SETS  Technology 

28S 

0.432-0.832 

6 

AHI 

Airborne  Hyperspectral 
Imager 

Hawaii  Institute  of 
Geophysics  and 
Planetology 

256 

7.5-11.7 

100 

AHS 

Airborne  Hyperspectral 
Scanner 

Daedalus  Enterprise 
Inc 

48 

0.433-  12.70 

AIP 

Airborne  Instrument 
Program 

Lockheed 

USA 

2.00-6.40 

AIS-1 

Aubome  Imaging 
Spectrometer 

NASA.  JPL 

USA 

128 

0.90-2.10 

1.20-2.40 

9.3 

10.6 

AMSS 

Airborne  Multispectral 
Scanner  MK-I1 

Geoscan  Pty  Ltd. 

46 

0.50-  12.00 

ARES 

USA 

75 

2.00-6.50 

ARIES 

Australian  Resource 
Information  and 
Environment  Satellite 

Australia 

128 

0  40  -  2.50 

APEX 

Airborne  Prism 
Experiment 

Programmable 
to  a  max  of 

300 

0.38-2.50 

10 

CHRISS 

Compact  High 
Resolution  Imaging 
Spectrograph  Sensor 

Science  Applications 
Int.  Corp  (SAIC) 

USA 

40 

0.43-0.87 

CIS 

Chinese  Imaging 
Spectrometer 

Shanghai  Institute  of 
Technical  Physics 
China 

91 

0.40-12.50 

DAIS  21115 

Digital  Airborne 

Imaging  Spectrometer 

GER  Coip. 

Germany 

211 

0.40-12.00 

DAIS  3715 

Digital  Airborne 

Imaging  Spectrometer 

GER  Coip. 

Germany 

37 

0.40  -  12.00 

DAIS  7915 

Digital  Aubome 

Imaging  Spectrometer 

GER  Coip. 

Germany 

79 

0.40-12.00 

DAIS  16115 

Digital  Aubome 

Imaging  Spectrometer 

GER  Coip. 

Germany 

160 

0.40-12.00 
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Name 

Full  Name 

Manufacturer 

Country 

Number  of 
Bands 

Spectral 

Range 

(pm) 

Band  Width 
at  FWHM 
(nm) 

EART 

EXPLORER 

ESA 

202  (  ?) 

(3)10-1000 

EO-1 

USA 

7 

0.43-2.35 

EPS-A 

Environmental  Probe 
System 

Germany 

32 

0  40-12.00 

EPS-H 

Environmental  Probe 
System 

Germany 

76* 

32 

32 

12 

0.43-  1.05  * 
1.50  -  1  SO 
2.00  -  2.50 
8.00-  12.00 

♦Customised 

according 

user 

requirements 

FLIPMI 

Fluorescence  Lme 
Imager  Programmable 
Multispectral  Imager 

Moniteq  Ltd 

22S 

0.43  -  0.805 

FTiTHSI 

Foimer  Transform 
Visible  Hyperspectral 
Imager 

Kestrel  Corp .  FIT 

256 

0.44-1.15 

GERIS 

Geophysical  and 
Environmental 

Research  Imaging 
Spectrometer 

Germany 

63 

0.40-2.50 

HIRIS 

High  Resolution 

Imaging  Spectrometer 

USA 

192 

0.40-2.50 

HYDICE 

Hyperspectral  Digital 
Imager}'  Collection 
Experiment 

USA 

210 

0.40-2.50 

7  6-14  9 

HYMAP 

Integrated 

Spectronics 

Australia 

126 

0.45-2.50 

15-20 

HYPERION 

TRW 

220 

0.40-2.5 

10 

IISRB 

Infrared  Imaging 
Spectrometer 

Bomen 

1720 

3.50-5.00 

IMSS 

Image  Multispectral 
Sensing 

Pacific  Advanced 
Technology 

320 

2.00-5.00 

IRIS 

Infrared  Imaging 
Spectrometer 

ERIM 

USA 

256 

2.00-15.00 

ISM 

Imagmg  Spectroscopic 
Mapper 

DESPA 

128 

0.80-3.20 

LIYTIRS  1 

Livermore  Imaging 
Fourier  Imagmg 
Spectrometer 

Lawrence  Livermore 
USA 

3.00-5.00 

112 


Name 

Full  Name 

Manufacturer 

Countiy 

Number  of 
Bands 

Spectral 

Range 

(pm) 

Band  Width 
at  FWHM 
(nm) 

Lr\TIRS  2 

Livermore  Imagmg 
Founer  Imaging 
Spectrometer 

Lawrence  Livermore 
USA 

8  00-12.00 

MAIS 

Modular  Airborne 
Imagmg  System 

Shanghai  Institute  of 
Technical  Physics 
China 

71 

0  44-  11  8 

MAS 

Modis  Airborne 
Simulator 

Daedalus  Enterpnse 
Inc. 

USA 

50 

0.53-14.50 

MERIS 

Medium  Resolution 
Imaging  Spectrometer 

ESA 

15 

0.40-1.05 

MIDIS 

Multiband 

Identification  and 
Discnnnnation  Imaging 
Spectroradiometer 

Surface  Optics  Corp , 
JPL, 

USA 

256 

0  40  -  30  00 

MTVIS 

Multispectral  Infrared 
and  Visible  Imagmg 
Spectrometer 

Daedalus  Enterpnse 
Inc. 

USA 

102 

0  43-  12.70 

MODIS 

Moderate  Resolution 
Imagmg  Spectrometer 

NASA 

USA 

36 

0  41  -  14.24 

OMIS 

Operative  Modular 
Airborne  Imagmg 
Spectrometer 

128 

0.46-12.50 

PROBE- 1 

100  -  200 

0.44-2.54 

11-18 

ROSIS 

Reflective  Optics 

System  Imaging 
Spectrometer 

DLR,  GKSS.  MBB 
Germany 

128 

0.45-0  85 

5 

SASI 

Shortwave  Infrared 
Airborne 

Spectrographic  Sensor 

160 

0  85-2.45 

10 

SFSI 

SWIR  Full 

Spectrographic  Imager 

OCRS 

Canada 

122 

1.20-2.40 

10.3 

SMIFTS 

Spatially  modulated 
Imaging  Founer 
Transfonn 

Hawaii  Institute  of 
Geophysics 

USA 

75 

1.00-5.00 

SSTI  HSI 

Small  Satellite 
Technology  Initiative 
Hyperspectral  Imager 

TRW  Inc 

USA 

384 

0  40-2.50 

trwis  m 

TRW  Imagmg 
Spectrometer 

TRW  Inc 

USA. 

384 

0.30-2.50 
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Name 

Full  Name 

Manufacturer 

Country 

Number  of 
Bands 

Spectral 

Range 

(pm) 

Band  AA'idth 

at  FAVHM 
(nm) 

ATFIS 

Vanable  Interference 
Filter  Imagmg 
Spectrometer 

University  of 

Dundee 

60 

0.44-0.89 

10 

mis-v 

Visible  Infrared 

Mappmg  Spectrometer 

ASI 

512 

0.30-1.05 

AMS 

AVedge  Imagmg 
Spectrometer 

Hughes  St.  Barbara 
Research  Center 

USA 

170 

0  40-2.50 

WARFIGHTER 

OAT-1) 

Phillips  Laboratory 
USA 

280 

0.45  -  5.00 
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Appendix  B.  Prism  Specifications 


nd  =  1.80318  vd  “  46.38 
ne  -  1.80730  ve  =  46.13 


X  =  £  I  aoi7499  LaSF  N30  803464 


k  [nm] 

tj  (5  mm) 

X, 

tj  (25  mm) 

2500.0 

2325.4 

0.90 

0.61 

1970.1 

0.985 

0.93 

1529.6 

0.999 

0.995 

1060.0 

0.999 

0.996 

700 

0.999 

0.995 

660 

0.999 

0.995 

620 

0.998 

0.994 

580 

0.998 

0.992 

546.1 

0.997 

0.987 

500 

0.996 

0.981 

460 

0.995 

0.975 

435.8 

0.992 

0.960 

420 

0  988 

094 

404.7 

..  0.981 

0.91 

400 

0977 

0.89 

390 

0.970 

0.86 

380 

0.950 

0.79 

370 

0.92 

0.68 

365.0 

0.90 

0.61 

350 

0.81 

0.35 

334.1 

0.60 

0.08 

320 

0.39 

310 

0.26 

300 

0.17 

290 

280 

270 

260 

250 

Farbcode 

|  40/32 

BrachzaMan 

A.  [nm] 

n2326.4 

2325.4 

1.75970 

Hi  970.1 

1970.1 

1.76700 

01529.6 

1529.6 

1.77487 

Hi  060.0 

1060.0 

1.78352 

8t 

1014.0 

1.78456 

n3 

852.1 

1.78903 

nr 

706.5 

1.79506 

nc 

656.3 

1.79798 

nc- 

643.8 

1.79881 

n632.8 

632.8 

1.79958 

nu 

589.3 

1.80303 

"d 

587.6 

1.80318 

ne 

546.1 

1.80730 

nF 

486.1 

1.81530 

nF 

480.0 

1.81630 

2a 

435.8 

1.82495 

nh 

404.7 

1.83308 

ni 

365.0 

1.84717 

334.1 

334.1 

1.8627s 

0312.6 

312.6 

0296.7 

296./ 

0280.4 

280.4 

0248.3 

248.3 

Konetanten  der  Dlaperakrneformel 

B, 

1.78301085 

b2 

3  88968359  •  10-1 

b3 

1.30150440 

C, 

8.72506277  •  10-3 

C2 

3.08085023-10-2 

C3 

9.27743824  -  10i 

Konstanton  der  Formal  ftlr  dn/cTT 

Do 

3.32  -  10-« 

D, 

1.12  •  10-8 

d2 

-8.52- 10->2 

Co 

5.88-  10  ? 

E, 

7.13-10-10 

0.209 

Bemeriumgen 

Temperaturkoeffiiienten  der  Uchtbredtung 

Anre,/AT[10-«/Kl 

Anabs/AT[10-e/K] 

PCI 

1060.0 

e 

g 

1060.0 

e 

9 

—  40/ —20 

4.0 

5.1 

6.1 

1.6 

2.6 

3.6 

+  20/ +  40 

4.0 

5.3 

6.5 

2.5 

3.7 

4.9 

+  60/ +  80 

42 

5.6 

6.9 

3.0 

4.4 

5.7 

Relative  Teildleperelonen 

P*. 

0.2580 

Pc.. 

0.5169 

Pa.c 

0.3001 

Pe.a 

0.2380 

Pg.F 

0.5573 

0.8139 

P* 

P's,. 

0.2553 

Pc.. 

0.5585 

P’a.c 

0.2500 

P«.a 

0.2355 

PV 

0.4942 

P’ij. 

0.8055 

Abwaichung  ralabverTelldlsparsio- 
nan  APvon  dar  „  Norma Igeraden1 

APc.i 

0.0099 

APC., 

0.0059 

APf.6 

-0.0021 

AP0.f 

-0.0084 

AP,.« 

-0.0522 

Sonstige  Eigon&chaften 

tt-30/+70*C  [10-^/K] 

6.2 

a20/300°c  [1 0-®/K] 

7.3 

Tg  PC] 

666 

T1013.0  [°C] 

664 

Tio7.6  [°C] 

740 

CatJ/(n-K)1 

A  (W/(m  *  K)] 

p  [g/cm3] 

4.46 

E  [103  N/mmz] 

124 

1* 

0.293 

K  (10-6  mm2/N] 

1.41 

HK  0.1/20 

770 

B 

0 

CR 

1 

FR 

1 

SR 

4.3 

AR 

1.0 

PR 

1.3 

Nr.  10  0009/92 


SCHOTT  Optisches  Glas 
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SF  L6  805254 


nd  =  1.80518  vd  *  25.39  nF  -  nc  =  0.031708 

ne  =  1.81265  ve  =  25.19  nF  -  nc-  =  0.032260 


Brechzahlen 

A  [nm] 

n?3?5.4 

2325.4 

1.74897 

r>1970.1 

1970.1 

1.75544 

n  1529-6 

1529.6 

1.76311 

"1060.0 

1060.0 

1.77345 

nl 

1014.0 

1.77489 

"s 

852.1 

1.78147 

nr 

706.5 

1.79116 

nc 

656.3 

1.79609 

nC' 

643.8 

1.79751 

"632.8 

632.8 

1.79884 

nD 

589.3 

1.80491 

na 

587.6 

1.80518 

"e 

546.1 

181265 

nF 

486.1 

1.82780 

nF 

480.0 

1.82977 

n9 

435.8 

1.84733 

"h 

404.7 

186500 

n. 

365.0 

"334.1 

334.1 

"312.6 

312.6 

"296.7 

296.7 

"280.4 

280.4 

"248.3 

248.3 

Konstanten  der  Dispersiortsformel 

B, 

1.78922056 

b2 

3.28427448-10-1 

b3 

2.01639441 

c, 

1.35163537-10-2 

C2 

6.22729599  •  10-2 

c3 

1 .6801 4713  102 

Konstanten  der  Formel  filr  dn/dT 

Do 

-5.26-  10-o 

D, 

7.41  ■  10-9 

d2 

-1.89-10-" 

Eo 

[  1.02-1 6^ 

E, 

1.62-10-9 

*tk  [l*m] 

0.288 

Reintransmissionsgrad 

Tj 

A  [nm] 

ti  (5  mm) 

x,  (25  mm) 

2500.0 

2325.4 

0.965 

084 

1970.1 

0.989 

0.950 

1529.6 

0.998 

0.995 

1060.0 

0.998 

0.988 

700 

0.998 

0.989 

660 

0.998 

0.988 

620 

0.997 

0.983 

580 

0.996 

0.980 

546.1 

0.994 

0.970 

500 

0.987 

0.94 

460 

0.979 

0.90 

435.8 

0.970 

086 

420 

0.956 

0.81 

404.7 

0.93 

0.72 

400 

0.92 

0.67 

390 

0.87 

0.52 

380 

0.76 

0.25 

370 

0.45 

0.02 

365.0 

0.22 

350 

334.1 

320 

310 

300 

290 

280 

270 

260 

250 

Farbcode 

Aet/As 

45/37 

Bemerkungen 

Temperaturkoeffizienten  der  Lichtbrechung 

An,aMT[10-6/K] 

Anabs/AT[10-6/K] 

[°C] 

1060.0 

e 

g 

1060.0 

e 

g 

-40/ -20 

-08 

i.i 

3.8 

-3.2 

-1.4 

1.2 

+  20/ +  40 

-1.0 

1.4 

4.7 

-2.5 

-0.1 

3.1 

+  60/ +80 

-0.9 

18 

5.4 

-2.1 

0.5 

4.2 

SCHOTT  Optisches  Glas 


Relative  Teildispersionen 

Ps.i 

0.2075 

Pc.s 

0.461 1 

Pd,C 

0.2867 

Pe.d 

0.2355 

Pa.F 

0.6159 

Pli. 

PW 

0.2040 

Peis 

0.4970 

Pd.e 

0.2380 

Ps,d 

0.2315 

py 

0.5444 

Abweicbung  reiativerTeildispersio- 

nen  A  Pvon  der„Normalgeradenu 

APc.i 

0.0032 

APc.s 

-0.0010 

APF.e 

0.0027 

AP8.f 

0.0148 

AP,.g 

Sonstigo  Eigenschoften 

<*-30/+70°C  (1 0“6/K] 

9.0 

®  20/300 °c  [1 0“6/KJ 

10.3 

Tg  PC) 

605 

■Homo  [°C] 

592 

Ti076  f>C] 

cp[J/(g-K)] 

A  [W/(m  ■  K)] 

p  [g/cm3] 

3.37 

E  £1 03  N/mm2! 

93 

0.260 

K  [10-6  mm2/N] 

2.79 

HKu.viio 

570 

B 

0 

CR 

1 

PR 

0 

SR 

2 

AR 

1.0* 

PR 

1.0 

Nr.  10  000  9/9? 


116 


Appendix  C.  Fast  Frame-Rate  Camera  Specifications 


■  PHHNTOH1  V12.1 

MvufcaortHfaMiDtfmp  *mr*m W\t2X* 


Key  Features: 

Up  kt  t%J4J  rr.gin+iMf-un  ttnri 
tip*}  j»  full 

KUxmwm  ip*- btwuuu  ftjndjni 
t  UOU.av  vptlaful 

UmikikJO  CMOS  lemur 

fi Tim-  i*huttif  *»•*»«/) 
lp%  iuntLid 

Sub-mu  nm*  t*id  fhumtmg. 
loon*  prugrjnwubiv  in  Inns 
imMntfUy  «**k<ruh 

Ihgh-k-HfhjtHin  timing  f%*um 
lU  tu  r  tfun  jun*  r*-xJuHt>n 


High-Definition.  1280x800. 1  million  fps.  sub-ps  shutter. 
Phantom  CineMag™  compatible 

WHEN  IT  S  TOO  FAST  TO  SEE.  AND  TOO  IMPORTANT  NOT  TO™ 

One  million  Ips  is  the  new  benchmark  in  high-speed  imaging 
Introducing  the  Phantom  Vt  2-t  -  a  megapixel  camera  capable 
of  taking  1 ,000.000  pictures-pef-second. 

With  the  Phantom  VI 2  camera.  Vision  Research  broke  the 
high-speed  digital  imaging  speed  barrier.  With  the  VI 2.1.  the 
tastes)  camera  new  adds  nmote/automatir  black  relirenring. 
dual  independent  HD-SDI  outputs,  a  component  vicwrindc-r 
port,  high-speed  synchronization  and  range  data  input 


t  wtm  thrum*  kjn»  it  OKI 
mad  (hrit-M v  r*pt»un  >  within  d 
tm&v  irjmt- 

Innrruf  Shutnrmg  wktn- 
ip*cih(  bUck  Mtanor  iCSIO 

Memory  Stgmnutktn 
Up  in  64  Mitm-nr* 


Take  the  wide  view  w  ith  our  custom-designed  1 280x000  CMOS 
sensor.  The  wide1  asjiect  ratio  of  the  VI  2.1  allows  you  to  see 
more  ot  the  event  vou  are  recording  with  a  "widescreen"  view 

Get  6.242  frames-per-second  (fps)  at  lull  resolution  At  lower 
resolutions,  you  will  get  even  higher  frame  rates,  up  to 
1,000.000  fps  loptionall. 
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PHRNTDITl  V12.1 


More  Key  Features: 

San-iuLinlr  hni  a*+4>jt>lr 
lluntttn  C/ne-Alag™  iromory 
nugaimt  .'Sot.#  JL  S IJCBl 

CnvMjn™  hi  On^unn™ 

Kang i-  Data  invut 

Bulk  an  AVmurv  M..B  IhCB 

ua 

BO  ItSO- tJ2J J  &Al>: 

M(W  Ktrnu 
(MU  Color 

nui  Mkl  l.'-bu 

CS  othrm>* 

Wk'N  raiddtngi  imnn%ti.t\  ly  i u 
I  idm-aut  t*f! 


With  an  active  pixel  size-  at  20  nrucrom  and  imprervcd  quantum 
efficiency,  the  Phantom  VI 2  t  c  arru-ra  has  sensitivity  superiex  to  our 
acclaimed  V7.1  So,  even  it  you  are  using  our  sub-microsecond 
shuttering,  you'll  get  the  highest  sensitivity  with  the  lowest  noise 
possible 

That's  right  You  can  eliminate  blur  and  see  the  most  minute  detail 
by  using  our  optional  sub-microsecond  shuttering  Dim  n  to  300 
nanoseconds,  programmable  in  1  tins  increments. 

Each  camera  supports  8-  and  12-bit  pixel  depth  Smaller  bit-depth  grves 
you  more  recording  time  and  smaller  files.  Greater  hit-dcyith  gives  you 
more  gray  levels  and  liner  detail.  With  the  greater  latitude  of  12-bits, 
you  can  pull  more  detail  out  of  the  image. 

The  V12.1  's  high-resolution  timing  ^stem  yie-lds  a  liming  resolution 
ot  be-tter  than  20ns  Frame  rate,  frame  synchronization  and  exposure 
accuracy  are  all  improved  twee  previous  generations  of  high-speed 
cameras.  And,  a  frame  synchronization  signal  is  now  available  via  a 
dedicated  BNC  for  easier  cabling  and  increased  signal  integrity  This 
makes  the  camera  pertect  lor  PIV  applications  with  a  500  nanosecond 
straddle  lime  and  no  image  lag. 

Of  course,  the  VI  2.1  otters  our  unique  Extreme  Dynamic  Range  EDR 
feature  giving  you  dte  ability  to  get  two  different  exposures  within  a 
single  trame  And.  with  auto  exposure  the  camera  adiusts  to  changing 
lighting  conditions  automatically . 

There  is  an  internal  shutter  for  shading  the-  lens  when  doing  a  session- 
qiecific  black  reference  (CSR).  You  can  now  do  remote-  CSRs  through 
software  control,  or  set  the  came-ra  to  take  a  CSR  at  the  end  of  each 
shot  -  automatically  applying  the  reference  to  the  shot! 

The  VI 2.1  comes  with  8GB  ul  high-speed  dynamic  RAM  standard,  but 
you  can  order  16GB  or  32GB  versions  Our  segmented  memory  alkAvs 
you  to  divide  this  into  up  to  64  segments  so  you  can  take  multiple- 
shuts  back-to-back  without  the  need  to  download  data  trom  the 
camera 

Or,  record  directly  to  our  Phantom  CineMag™  non-volatile-,  hot- 
swappable-  memorv  magazines  (available  late-  2008.1  They  mount  on 
the  CineMag  compatible  version  of  the  came-ra  Continuously  record 
full  resolution  cines  into  non-volatile-  memory  at  up  to  1000  fps. 

That's  up  to  256  seconds  into  the  256GB  Cine-Mag  or  51 2  seconds 
into  the  51 2GB  CineMag  Or,  record  at  higher  speeds  into  camera 
RAM.  them  manually  or  automatically  mtwe  your  cine  to  the  CineMag 
With  CineMag  storage  you  gel  maximum  data  protected  and  an  ideal 
stexage  medium  lex  secure  erwireanme-nts. 
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PHRNTOm  V12.1 


Resolution  Speed  Charts' 
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Mim'  the  GnrM4g  from  the  i  amera  to  .i  CineSlation™  connected  to 
a  PC  and  view.  edit.  and  save  your  tines  using  the  Phantom  Software 
supplied  with  the  camera  Keep  them  in  their  original  cine  raw  format, 
or  convert  them  to  TIFF.  QuickTime,  AVI.  or  a  number  of  other 
format*.  Move  the  file*  from  the  CirteStation  to  a  disk  or  tape  deck 
via  GB  Ethernet,  dual  HD-SOl  or  Component  Video  outfiuts  tA  lOGB 
Fthemct  interlace  will  be  available  as  an  option  in  late  2008.1 

When  used  on  a  tracking  mount,  elevation  and  a/imuth  data  can  be 
t/anslered  to  the  camera  and  associated  with  image  frames  through 
our  unique  Range  Data  inpul 

A  video-out  port  on  the  camera  allows  you  to  connect  to  a  component 
video  monitor  and  view  yout  recordings  immediately  in  a  variety  of 
formats  including  NTSC,  PAL.  SOI  and  high-definition  720p.  And. 
there  are  (WO  HD-SDI  pods  that  i  an  be  used  together  tor  4:4:4  video 
out.  or  used  independently  (giving  you  one  for  playback  while  the 
other  rs  used  lot  live  preview.)  A  component  video  viewfinder  port 
has  be<en  added  so  any  viewfinder  compatible  with  our  Phantom  HO 
camera  ran  now  be-  used 
w  ith  the  VI  2.1 


The  VI 2. 1  is  controlled  by  the  feature-rich  Phantom  Software.  If 
you've  used  anv  Phantom  cjmera  before,  you  will  knew  how  to  run 
the-  VI 2. 1  And.  we'll  ship  you  a  trial  versiein  of  Image’  System’s  TFMA 
Starlet  for  Phantom  for  motion  analysis  applications. 

The  VI 2  1  comes  in  two  base  models,  either  with  of  without  a 
Cine  Mag  interface.  The-  base-  models  operate-  at  up  to  (>80,000  tps 
and  I  us  e'\|K>sure  An  option  is  available  to  enable  1 .000.000  fps  and 
300ns  exposure  All  models  come  in  either  color  or  monochrome 
configurations. 


n.Mjmw) 
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■  PHONToni  V12.1 

m  wemrmm  umismm  kSMn 


Additional  Features: 

Atulug  video  out  PAL.  NTSC  A  HD  C immanent  (720p) 
HD-SDI:  72<*> 

Icnsmg  f -mount,  C  mount,  PI -mount 

SUe  (without  lens) :  12  2S  X  5.5  *  S  O  in 
(l.W.ht  Jl.t  *  U  t  12. 7 cm 

Weig »  /without  lens):  12  Ha  (5.4  Kg 

l\twcr:  90  Wjtts  g  24  VDC.  without  CmeMjg 

Opcrjtmn  Tanpcreturc  KPC  to  40X  g  8%  to  BO\  KH 

Stung-  Ttenpueture  -I OK  to  SS'C 

Nun-Ofuretiuntl  Shtxi  JJC,  hjh  une  wove.  Ilms.  jttjm-t 

Opcrjttonjl  Shock:  SJMj,  huh  tine  wjve.  Ilmt.  ill  Met 

Opcntionj/  Vihrjttor  0.2SC.  5-500  Ht,  Jl  jxet 


Ourngkomtat 


ViSiON 

iimn  i.i 


Vision  Research 
WO  Ocy  Raid 
Wayne.  N|  07470  USA 
♦  I  973.696.4S00 
phamum#visiunresearch  com 
www.iii— u  luanhcam 


MAMmrcaniy 
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Next  generation  CMOS 
HiiiBor  teohnology  providing 
S.dOOfpe,  1DP<1*1QP«1  pixels 


The  P Notion  FASTC  AM  SA1  will  meet  the  imaging  requirements  of  the  most 
demanding  applications  m  research  and  development  due  to  Ks  unrrvaJed 
sensitivity,  speed  and  resolution 

The  F  ASTCAM  SA1  uses  the  latest  CMOS  sensor  to  achieve  sensitivity  and 
speeds  previously  unattainable  With  a  top  speed  m  excess  of  600.000  fps 
(frames  per  second)  and  with  true  12-bet  dynairac  range,  the  FASTC  AM  Ml 
once  again  establishes  Photron  as  the  true  leader  of  high  speed  una^ng 
innovation 

With  a  global  shutter  operating  independent*  of  the  frame  rate  selected 
from  1 /60th  of  a  second  to  Ins.  and  widt  the  dead  omt  between  sequential 
fiames  less  than  a  microsecond  the  FASTC  AM  SAI  provides  everything 
yes.  every  rtvng  even  an  SOI  output  as  standard,  that  true  fcgh  speed  users 

-t - ■» 

o*x*n 

For  those  net  wanting  to  use  a  PC  to  control  and  operate  the  caneera 
through  the  Gtgabrt  Ethernet  port  the  FASTC  AM  SAI  can  be  coetrofted  by 


■  Variable  Region  of  Interest  i  R0I) 

■  Capture  f  2-bet  uncompressed  data 

■  One  microsecond  global  shutter 

■  Composite  and  SOI  video  output  for  real  time  monitoring  during  set 
up.  recording  and  playback 


•  Performance 

•  1.024 1  1.024  pixels  ©5.400  fps 

•  832  x  608  paefs  Q  10.800  fps 

•  640  x  480  pueh  018.000  fps 

•  512x512  paefs  0  20.000  fps 

•  256  x  256  paefs  O  67.500  fps 

•  2S6  x  16  pixels  d  500.000  fps 

•  64 1 16  pueh  Q  675.000  fps 


an  RS-422  remote  control  keypad  with  budt-m  5*  LCD  monitor  tor  complete 
camera  set  up  and  operaoon 


■  Memory  options  ndude  8G8. 16G8  and  32GB 

■  Phase  lock  to  IWG'GPS 


For  applications  where  ingress  of  dust  or  moisture  would  be  hazardous  a 
sealed  version  (FASTCAM  SAI  RVi  a  mala Me 


•  laksbcs  •  Materials  research  •  Defence 

•  Aerospace  •  Fluid  dynamics  •  Piv 


Photron 


www  pnotron  com 
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Sensor 
Shutter 
Lens  Mount 


Extended 
Dynamic  Range 

Memory 


Video  Output  1 

Video  Output  2 

Camera  Control 

User  Preset 
Switches 

Low  Light  Mode 

Triggering 
Trigger  Delay 

Timing 


12 -bit  ADC  (Bayer  system  color,  angle  sensor)  with  20pm 
pod 

Global  electronic  shutter  horn  16  7ms  to  Tps  ndependent 
of  frame  rate  o  standard 

Interchangeable  f-mouit  and  C-rnouit  usng  supplied 
adapters 

Selectable  in  twenty  steps  (0  to  9SN  in  S%  vrcrements)  to 
prevent  puel  over -expcscre 

8GB  (standaid).  5457  hemes.  1 01  sec  6  5400lps 
I6G8 1  option).  10*8  frames.  2.02  sec  u54O0fps 
32GB  i option).  21841  harries  4  04  sec  c54XHps 

NTSOPAL  composite  VBSIBNC)  Adhy  to  atom,  pan 
and  scroll  Milan  image  wa  keypad  Live  video  duing 
tecording 

SDI 01  dgital  component  1  channel  (BNCI  aidustry 
standardogrtaf  output  NTSC  and  PAL 

Availabie  Gigabit  Ethernet  and  kS-422  keypad  with  bull 
r  5'  LCD  wwvfmdw 

Four  user  selectable  camera  function  connol  mounted  on 
toe  cameras  rear  panel 

low  Ight  mode  drops  the  fcame  rate  and  shutter  tune 
to  toav  manrnun  values.  «Me  mantanng  other  set 
parameter,  to  enable  users  to  position  and locus  the 
camera 

Selectabli  positive  or  negiove  TTl  SVp^r  or  swrtch  dosixe 


Intemaldoct  or  ertamd  source  such  as  Iftxj  or  GPS 


Phase  Lock 
Event  Markets 

Dual  Speed 
Recording™ 

Recording  Modes 

Saved  Image 
Formats 
Data  Display 

Partitioning 
Data  Acquisition 
Cooing 

Operating  Temp. 
Mounting 

Dimensions  and 

Weight 

Power 

Requirements 


Enables  cameras  to  be  precisely  synchronoed  together  or  to  an 
eitemal  source,  such  as  IRIG  or  GPS  time  codes 

Ten  user  -entered  event  markers  mark  specific  events  withm 
the  image  sequence  «i  real  Ome  Immeduafy  accessrde  through 
software 

Enables  the  reconkng  speed  to  be  changed  up  or  down  by  a 
factor  of  2.4  or  8  during  a  recorting 

Stan.  End.  Center.  Manual.  Random.  Random  Reset.  Random 
Center.  Random  Manual  and  Dud  Speed  Reconkng 

JPEG  AVI.  TIFF  BMP  RAW.  AAWW  PNG  and  FT1F  Images  can 
be  saved  with  or  wrthout  timeig  and  comment  data 

Frame  Rate.  Shutter  Speed.  Trigger  Mode.  Date  or  Tune  lean 

■-  J-:-  ■  ■ 

andResdukon 

Up  to  64  memory  segments  for  mdople  reconkngs  m  memory 
Supports  Photon  MCDt  and  MO 
Acsvdy  cooled 

0-40  degrees  C  IRange  verson  mcraases  ipper  ln«t  to  4SO 

1i  V20  UNC.  U  3/8-16  UNC.  6i  M6 

160mm  16  30"  W 1 1S3mm  16  02')W  »  242  5mm  (9  55*K> 
'enduckng  protrusions  Weight  13  »*  (5  9  kg) 

100V  -  240V  AC  -  1 SA.  50-60H:  opborul  DC  operation  20  to 
36V  DC  AC  adaptor  provided 
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FASTCAM  SA-2 


FASTCAM  SA-2:  High-Speed  Video  System 
2,048  x  2,048  (4ME0A  pixel)  resolution, 
developed  for  a  broad  range  of  application: 
Including  automotive  safety  testing,  defenc 
fluid  dynamics  and  materials  research 


I 


(Mill  III) 


Photron 
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Specifications  FASTCAM  SAP 

Partial  frame  rate  /  resolution  table: 


Photron 
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FASTCAM-SA5  High-Speed  Video  System 
Next  generation  CMOS  sensor  technology 
providing  7.000fps.  1024  x  1024  pixels 


The  Phocron  FA5TCAM-SAS  wiM  meat  the 
reque  ements  of  tha  mod  demanding 
applications  m  research  and  development 
dua  to  ite  unnvalad  sensitivity.  frame  rata 
and  resolution 

This  ht^i  specification  «n«  pamut  tha  SAS 
to  be  applied  to  areas  of  research  one* 
dismissed  as  unsuitable  for  digftal  high- 


Btnkfcng  on  the  success  of  the  Ultima  APX 
range  of  systems  our  sensor  design 
■nproves  sensitivity  image  quality  and 


The  Fastcam  SA3  delivers  megapixel 
resolution  at  7.SOOfps.  an  impressive 
maximum  frame  rota  of  1  .OOQ.OOOfpc 
and  a  1  microsecond  exposure  bma. 

Target  apfAcabons  delude 


CombuGbon 


■  Ruddynarrecs 
•  RV 


FASTCAM-SA5 


FEATURES 
O  Par‘onranea  *  urn  plat 

1.024  x  i.ooo  p.xn*  a  7.wofp» 

512  X  512  p.xal*  £  2r0OOfps 
256  x  255  p.xah  4  67.500fp* 

128  >  128  p-ieh  4  262.500‘ps 

Up  to  1  000  000  fp»  at  raducao  rasokitcn 

O  Varabla  Ragcn  o*  imaratt  ( ROD 

O  Captura  12-bt  uncomprassao  data 

□  20  vn  p  *ait  ensure  test  l  grt  sarvs  t » ry  for 
Oamano  ng  hgh-»paad  or  low  ight  appicaton* 

□  In*  global  thusar  car  ba  tat  ndapandant  o4 
saactaa  frama  rata 

o  Compost*  ana  SOI  veto  output  for  ra*  tma 
monionng  Ourng  sat  up.  racortiog  and  playback 

□  Optonai  r*mol*  kaypao  control  wth  niag'atac 
vee*nd*r 

□  8G8  16GB  or  32G8  mamory  optens 

□  Ggabt  Etiamat  mar*aca 
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Specifications  FASTCAMSA  5 


Photrori 


Partial  frame  rate  /  resolution  table: 
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Appendix  D.  ISS  Orbital  Data 


ISS  TRAJECTORY  DATA 

Lift  off  time  (UTC)  :  N/A 

Area  (sq  ft)  :  9902.8 

Drag  Coefficient  (Cd)  :  2.00 

Monthly  MSFC  50%  solar  flux  (F10 . 7-jansky)  :  72.1 

Monthly  MSFC  50%  earth  geomagnetic  index  (Kp)  :  2.19 

ET  -  UTC  (sec)  :  66.18 

UT1  -  UTC  (sec)  :  0.00 


Vector  Time  (GMT):  2009/019/12:30:00.000 
Vector  Time  (MET) :  N/A 
Weight  (LBS)  :  639525.7 


M50  Cartesian  M50  Keplerian 


X 

= 

-859769.88 

A 

= 

6730277.74 

meter 

Y 

= 

-4099237.52 

meter 

E 

= 

.0007386 

Z 

= 

-5274263.00 

I 

= 

51.54805 

XDOT 

= 

7514.656335 

Wp 

= 

73.91166 

YDOT 

= 

-1633.687561 

meter/sec 

RA 

= 

347.45781 

deg 

ZDOT 

= 

46.809239 

TA 

= 

196.52163 

MA 

= 

196.54571 

Ha 

= 

194.186 

n  .mi 

Hp 

= 

192.517 

M50  Cartesian 

J2K 

Cartesian 

X 

= 

-2820767.31 

X 

= 

-788246.44 

Y 

= 

-13448942.00 

feet 

Y 

= 

-4108451.62 

meter 

Z 

= 

-17304012.48 

Z 

= 

-5278266.34 

XDOT 

= 

24654.384302 

XDOT 

= 

7532.138605 

YDOT 

= 

-5359.867325 

feet/sec 

YDOT 

= 

-1549.556570 

meter, 

ZDOT 

= 

153.573620 

ZDOT 

= 

83.357444 

TDR  Cartesian 

TDR 

Cartesian 

X 

= 

9320903.81 

X 

= 

2841011.48 

Y 

= 

-10069934.11 

feet 

Y 

= 

-3069315.92 

meter 

Z 

= 

-17319838.23 

Z 

= 

-5279086.69 

XDOT 

= 

18026.440118 

XDOT 

= 

5494.458948 

YDOT 

= 

16188.538540 

feet/sec 

YDOT 

= 

4934.266547 

meter, 

ZDOT 

= 

295.751854 

ZDOT 

= 

90.145165 

The  mean  element  set  is  posted  at  the  UTC  for  which  position  is 
just  north  of  the  next  ascending  node  relative  to  the  above 
vector  time 


TWO  LINE  MEAN  ELEMENT  SET 
ISS 

1  25544U  98067A  09019.53659256  .00010596  00000-0  82463-4  0  9000 

2  25544  51.6402  347.8788  0008205  285.4453  74.5802  15.70436401  22574 


Satellite:  ISS 
Catalog  Number: 
Epoch  time: 


25544 

09019.53659256 


Element  set: 

900 

Inclination: 

51.6402 

deg 

RA  of  node: 

347.8788 

deg 

Eccentricity: 

.0008205 

Arg  of  perigee 

:  285.4453 

deg 

Mean  anomaly: 

74.5802 

deg 

Mean  motion: 

15.70436401 

Decay  rate: 

1 . 05960E-04 

Epoch  rev: 

2257 

/day 

/dayA2 


yrday.fracday 
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Appendix  E.  RC  Telescope  Optical  Collimation  Procedures 


RC  OPTICAL  SYSTEMS  TECH  SHEET 

Ritchey-Chretien  Alignment  &  Collimation 


Authored  by  John  Smith  exclusively  for  RC  Optical  Systems 


Introduction 

In  order  to  obtain  optimum  performance  from  a  Ritchey-Chretien  design,  the  primary  and  secondary  mirrors 
must  have  their  optical  axes  aligned  with  each  other  such  that  the  optical  axis  of  one  mirror  lies  along  that 
of  the  other.  This  is  called  collimation.  Additionally,  some  optics  sets  require  a  rotational  alignment 
(indexing)  between  the  primary  and  secondary  mirrors.  Stan  Moore  has  developed  an  excellent  collimation 
methodology  using  the  Takahashi  collimation  telescope  in  concert  with  a  dot  in  the  center  of  the  secondary 
mirror  that  is  highly  recommended  and  quite  successful.  It  is  summarized  on  the  RC  Optical  Systems  web 
site  at:  http  ,/www  rcooticalsvslems  convcnllim.-iAnn  himl  Stan's  method  is  incorporated  into  this  alignment 
procedure. 

Tools 

The  following  tools  are  needed  to  perform  this  alignment: 

•  Takahashi  Collimating  Telescope 

•  Tak-2AP  adapter  or  T-2-AP  adapter  from  RCOS 

•  Allen  wrenches  (T-handle  preferred) 

•  Small  flashlight 

•  Laser  collimator  (optional) 

I  lote  that  T -handle  Allen  wrenches  provide  more  precise  control  and  allow  a  screw  to  be  tightened  securely 
without  introducing  a  bending  or  twisting  force  on  the  assembly  being  tightened. 

Indexing  (if  required) 


figure  1:  Front  View 


RC  Osteal  Systems  •  4025  E  Murungton  Drwe  Sole  105  •  Flags laa  *nana  M0C4  •  Pnone  928-526-5310  •  Enan  -  W6@rcos»caisy5lems  con 
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RC  Optical  Systems  Tech  Sheet 


RHchey-Chretien  Alignment  t  Collimation 


Refer  to  Figure  I ,  above.  Looking  hi  the  scope  from  front,  you  should  see  a  white  dot  on  the  back  of  the 
secondary  mirror  assembly.  This  is  the  secondary  index.  Looking  at  the  primary,  you  should  see  a  black 
mark  on  the  edge  of  the  mirror.  This  is  the  primary  index.  (If  you  do  not  have  these  index  marks,  then  your 
optics  do  not  require  indexing.)  I  low  locate  your  eye  approximately  in  the  centei  of  the  telescope  from  the 
secondary  end.  Keeping  your  eye  close  to  the  center,  move  closer  to  or  further  from  the  scope  until  you 
can  see  the  primary  mirror  mark  close  to  the  secondary  mirror  mark.  When  the  perceived  size  of  the 
secondary  is  close  to  the  size  of  the  primary,  you  will  see  the  two  marks  very  close  to  each  other  and  can 
best  judge  the  primary  alignment. 

If  the  mirrors  are  not  rotationally  aligned,  you  need  to  rotate  the  primary  mirror  so  that  the  two  index 
marks  aie  very  close  to  each  other  rotationally.  The  primary  is  held  in  position  by  a  locking  collar,  which 
secures  the  mirror  snugly.  You  can  rotate  the  mirror  without  excessive  force.  The  object  is  to  get  the 
primary  index  and  secondary  index  rotationally  aligned  by  rotating  the  primary.  For  the  truss  model,  you 
can  reach  in  and  rotate  the  primary  and  review  the  alignment.  For  the  closed  tube  model,  you  need  to 
remove  the  back  plate,  rotate  the  primary,  secure  the  back  plate  and  review  the  alignment.  Do  not  touch 
the  front  surface  of  the  mirroi  as  finger  oils  can  damage  the  coatings.  After  you  have  rotated  the  primary 
mirror,  check  the  indexing  again  as  described  above.  You  should  try  to  get  this  as  close  as  you  can. 


Collimation 

Collimation  is  done  in  two  parts  •  in  daylight  and  then  with  a  star  test.  The  more  precise  the  daylight 
alignment,  the  easier  the  star  test  adjustments  will  be,  if  needed  at  all.  The  star  test  is  always  a  good 
check  on  collimation  to  see  if  anything  has  changed  significantly. 

The  secondary  mirror  has  a  dot  in  the  center.  This  dot  is  very  precisely  located  to  define  the  mirror  center. 
To  distinguish  it  from  other  reference  marks,  it  is  called  a  “Wot"  (contraction  of  “Wack  dot”).  It  is  not 
completely  Wack  but  has  an  appearance  as  if  drawn  by  a  felt  pen  (it  was!)  This  Wot  is  the  key  to  successful 
alignment.  Before  proceeding,  look  at  the  secondary  through  the  back  of  the  telescope  to  see  this  Wot  and 
note  its  appearance.  It  is  important  to  identify  its  texture,  as  this  will  be  a  good  -visual  cue  later  in  the 
cWlimation  process 

1 .  Daylight  Alignment 

CWlimation  is  best  done  with  a  Takahashi  CWIimating  Telescope  and  an  adapter,  which  mates  this  scope  to 
the  2.7"  extension  tubes.  Additionally  a  suitable  measuring  toW  is  useful  for  checking  the  spider  centering. 
Using  the  tong  end  of  an  Allen  wrench  of  the  appiopriate  size  as  a  feelei  gauge  can  work  equally  well.  The 
Optical  Tube  AssemWy  (OTA)  should  be  horizontal  to  minimize  the  possibility  of  dropping  toWs  on  the 
primary.  Also,  the  OTA  should  be  pointed  at  a  flat  illumination.  This  can  be  the  sky,  a  sheet  hung  up  a 
short  distance  away,  or  any  relatively  uniform  illumination  source.  Also,  before  beginning,  be  sure  the 
secondary  mirror  position  is  set  as  close  to  the  spider  assembly  as  possible,  i.e.,  as  far  from  the  primary 
mirror  as  possiWe.  This  is  the  home  position  on  the  Telescope  Command  Center  (TCC)  or,  if  you  have  the 
RoboFocus  set  up  properly,  it  should  be  close  to  the  zero  position. 

1.1  Spider  Centering 

At  each  of  the  fout  spider  mounting  points,  note  that  there  is  a  gap  between  the  secondary  support  ring  and 
the  spider  rib.  The  spider  is  under  tension  by  the  four  screws  that  mount  it  to  the  secondary  support  ring. 
The  four  gaps  should  be  as  equal  as  possiWe,  say  within  an  Allen  wrench  size  (.016”).  To  adjust  these  gaps 
if  necessary,  tighten  one  screw  and  loosen  the  opposite  one  until  they  are  equal.  See  what  Allen  wrench  fits 
snugly  into  a  gap  and  adjust  the  others  similarly.  Check  the  pair  at  right  angles  to  the  first  pair  and  adjust 
them  if  necessary.  Check  all  four  gaps  after  adjustment  and  repeat  if  necessary.  This  is  a  reasonably 
precise  way  to  achieve  secondary  centering  with  the  camera  axis. 
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RC  Optical  Systems  Tech  Sheet 


Rilehey-Chretien  Alignment  1  Colimatioa 


Another  and  perhaps  better  way  to  do  this  adjustment  is  to  insert  a  laser  collimator  in  the  2”  eyepiece 
adapter.  It  is  important  to  insure  the  laser  is  bore  sighted  accurately  by  rotating  the  laser  in  the  2"  holdet . 
locking  it  down  every  90  degrees  or  so  and  noting  the  position  of  the  laser  dot  on  the  secondary  minor. 
Observe  all  laser  cautions  if  you  try  this.  If  the  position  of  the  laser  relative  to  the  blot  is  consistent  as  you 
rotate  the  laser  collimator  in  the  holder ,  then  it  may  be  used  to  center  the  secondary  mirror.  If  not.  then 
you  must  determine  an  “average  center  position"  for  the  laser  and  adjust  the  secondary  spider  to  that 
position.  Once  the  laser  collimator  bore  sight  accuracy  is  established,  you  should  see  an  image  as  shown 
below. 


Figure  I 


Figure  2  is  a  photo  of  the  front  of  the  scope.  The  red  light  towards  the  bottom  is  the  laser  light  emanating 
from  the  back  of  the  scope  and  through  the  primary  baffle.  The  small  red  dot  at  the  center  is  the  laser 
beam  landing  on  the  secondary  mirror.  Figure  3  is  a  close-up  of  the  red  laser  dot  landing  on  the  secondary 
blot.  The  laser  is  very  slightly  to  the  right  of  the  center  of  the  blot.  This  represents  very  good  alignment 
and  was  achieved  by  the  gap  measurement  method.  Again,  a  laser  collimator  is  not  necessary.  However,  if 
you  happen  to  have  a  laser  collimator  with  good  centration,  it  can  be  used  effectively. 


1.2  Secondary  Mirror  Tip-Tilt 

This  step  adjusts  secondary  de-centering  to  the  viewing  axis  more  precisely,  albeit  via  tip/tilt  adjustments. 
Again  refer  to  Figure  I .  Looking  at  the  secondary  assembly,  you  will  note  three  sets  of  two  screws  spaced 
120  degrees  around  the  assembly.  The  outer  three  are  labeled  “A"  in  Figure  I  and  are  the  “pull 
adjustments"  -  they  pull  the  secondary  toward  the  mounting  plate.  The  inner  three,  labeled  "B”  in  Figure  I 
are  “push  adjustments"  -  they  push  against  the  secondary  mounting  plate  to  the  degree  the  pull 
adjustments  allow  and  lock  the  secondary  mounting  plate.  The  push  adjustments  are  essentially  locking 
screws. 


If  the  telescope  has  been  shipped  uncollimated  (14.5”  and  target ),  the  pull  adjusters  are  fully  clockwise. 

You  need  to  loosen  these  to  get  some  adjustment  range.  After  mounting  the  mirror,  unscrew  each  of  the 
three  adjusters  equally  around  1 .5  to  2  turns.  The  push  adjusters  will  now  be  loose  and  no  longer 
contacting  the  mirror  mounting  plate. 

Screw  alt  the  2.7”  extension  tubes  that  came  with  your  telescope  together  and  screw  them  into  the  Fixed 
Instrument  Adapter  (FIA)  plate.  (If  you  do  not  have  the  Fixed  Instrument  Adapter,  extend  the  draw  tube  all 
the  way  out  and  add  any  2.7"  extension  tubes  you  may  have.  If  the  Takahashi  collimating  scope  is  not 
extended  far  enough  from  the  back  plate,  you  may  not  see  the  light  annulus,  as  shown  in  Figure  5.)  Look 
through  the  back  plate  and  observe  the  blot  in  the  center  of  the  secondary  mirror.  This  blot  should  be  close 
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to  the  center  of  the  extension  tube.  If  not,  adjust  the  pull  adjusters  until  it  is.  This  step  roughly  aligns  the 
optical  axis  of  the  secondary  to  the  extension  tube/ instrument  axis. 

How,  thread  in  the  Tak-2-AP  adapter  and  then  the  Takahashi  coilimation  telescope  into  the  adapter,  tlote 
that  the  Takahashi  scope  has  a  white  frosted  area  partway  down  the  scope.  This  is  a  diffuser  that  can  be 
illuminated  with  a  flashlight  to  make  the  secondary  dot  more  distinct. 

Mote  that  the  Takahashi  scope  uses  a  sliding  action  for  focusing.  Start  with  the  sliding  all  the  way  in.  While 
looking  in  the  Takahashi  scope,  slowly  slide  to  tube  out  while  keeping  a  flashlight  on  the  diffuser. 

Eventually  you  will  see  the  blot  come  into  sharp  focus.  It  may  or  may  not  be  in  the  center  of  the 
illuminated  area.  Continue  to  slide  the  tube  out  and  then  another  dot  will  come  into  sharp  focus.  This  is 
the  outline  of  the  end  of  the  Takahashi  collimating  scope.  Slide  the  tube  back  in  to  refocus  the  blot.  Ignore 
any  other  light  and  dark  patterns  for  the  moment.  The  goal  of  adjusting  the  secondary  is  to  get  the  blot 
centered  on  the  Takahashi  collimating  scope  dot.  Do  not  be  concerned  with  the  centering  of  the  blot  in  the 
light  area.  The  goal  is  to  get  the  blot  and  the  dot  on  top  of  each  other. 


F« 


Figure  4  is  an  image  taken  thr  ough  the  Takahashi  scope.  Figure  5  Is  a  blow  up  of  that  image.  Ilote  the  blot 
(secondary  dot)  is  less  dark  than  the  image  of  the  Takahashi  scope,  the  latter  being  better  defined.  This 
image  shows  the  blot  and  the  dot  being  very  well  centered.  When  you  begin,  the  blot  will  most  likely  be 
well  off  the  center. 

This  adjustment  is  done  by  trial  and  error  adjustment  of  the  pull  sc  rev/s  to  center  the  secondary  dot.  As 
you  get  close,  it  is  helpful  to  focus  the  Takahashi  scope  alternately  on  the  dot  and  the  ring  to  fine-tune  your 
centering.  Once  this  is  close,  snug  up  the  push  screws  but  do  not  over  tighten  them.  Check  centering  after 
doing  this  and  make  smaller  adjustments  if  necessary  by  loosening  the  push  screw  and  tightening  the  pull 
screws. 
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1.3  Primary  Mirror  Tip-Tilt 


llov/  that  the  secondary  mirror  optical  axis  is  aligned  v/ith  the  viewing  axis,  this  step  adjusts  the  primary 
tip/  tilt  to  line  up  v/ith  the  secondary.  Look  at  the  back  plate  of  the  OTA  as  shown  in  Figure  6.  Again  you 
will  note  three  sets  of  two  screws  spaced  120  degrees  around  the  back  plate.  The  outer  three,  labeled  “A" 
in  Figure  6,  are  “pull  adjustments”  -  they  pull  the  primary  mounting  plate  toward  the  back  plate.  The  inner 
three,  labeled  "B"  in  Figure  6,  are  "push  adjustments"  -  they  push  the  primary  mounting  plate  av/ay  from 
the  back  plate  to  the  degree  the  pull  adjustments  allow.  The  push  adjustments  are  essentially  locking 
screws. 

If  the  telescope  has  been  shipped  uncollimated  (14.5”  and  larger),  the  pull  adjusters  are  fully  clockwise. 

You  need  to  loosen  these  to  get  some  adjustment  range.  Unscrew  each  of  the  three  adjusters  equally 
around  1 .5  turns.  The  push  adjusters  will  now  be  loose  and  no  longer  contacting  the  mirror  mounting  plate. 

Again  look  in  the  Takahashi  scope.  Moving  radially  out  from  the  secondary  dot.  you  will  see  a  light  area,  the 
image  of  the  end  of  the  Takahashi  scope  and  another  much  larger  dark  area,  which  is  comprised  of  the 
primary  baffle  and  primary  mirror  locking  collar.  Ilext,  a  small  annulus  of  light  should  be  visible  and  finally 
an  outer  dark  ring,  which  is  the  secondary  baffle.  The  object  of  the  primary  tip/tUt  adjustment  is  to  have 
this  annulus  of  light  as  symmetrical  (equal  width  around  the  circumference)  as  you  can  possibly  ntake  it. 
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Figure  7  identifies  the  gap  that  is  to  be  made  symmetrical.  (As  an  aside,  note  the  mark  in  the  gap  at  I 
o'clock.  This  is  the  secondary  indexing  mark  that  is  applied  on  the  mirror  itself.  The  white  secondary  index 
mark  shown  in  Figure  I  refers  this  mark  to  the  back  of  the  secondary  mounting  plate  for  alignment  ease.) 

This  symmetry  adjustment  is  achieved  by  adjusting  the  pull  screws  while  looking  in  the  Takahashi  scope. 
Adjust  these  screws  in  small  increments  to  get  this  annulus  of  light  as  symmetrical  as  possible.  Once  you 
are  satisfied  with  this  adjustment,  snug  up  the  push  screws.  As  before,  again  check  the  symmetry  of  the 
annulus  and  adjust  if  necessary  by  loosening  the  appropriate  push  screw  and  tightening  the  corresponding 
pull  screw. 

How  recheck  the  secondary  dot  and  Takahashi  scope  dot  for  symmetry.  If  it  is  no  longer  symmetrical, 
lepeat  the  secondaiy  tip/tilt  adjustment,  followed  by  the  primary  tip/tilt  adjustment.  Repeat  as  necessary 
until  the  symmetry  is  as  good  as  you  can  make  it. 

As  you  are  doing  these  final  steps,  you  may  find  it  useful  to  walk  av/ay  from  the  OTA  once  you  have  it  done 
as  welt  as  you  can  for  a  few  minutes.  When  you  return,  you  may  see  some  asymmetry  that  you  didn't  see 
before.  Adjust  as  needed  and  be  sure  the  push  screws  are  all  snug  before  you  are  done. 

When  you  are  satisfied  with  the  symmetrical  appearance  of  the  blot,  dot  and  annulus  ring,  you  can  proceed 
to  the  star  test.  Do  not  make  any  further  adjustments  to  the  secondary  foe  user  during  the  star  test.  You 
will  rapidly  go  away  from  the  correct  secondary  alignment  and  must  return  to  the  daylight  collimation  to  re¬ 
establish  the  correct  the  secondary  alignment. 

2.  Star  Test 

A  star  test  consists  of  looking  at  a  moderately  bright  star  with  good  seeing  conditions  after  the  scope  has 
come  to  thermal  equilibrium.  With  your  telescope  mounted  arid  tracking,  you  are  ready  to  begin  final 
collimation  using  a  star.  Locate  a  bright  star  near  the  zenith  and  center  it  visually  in  the  eyepiece  field  of 
view.  Use  a  moderate  to  high  power.  Slightly  defocus  the  star  and  look  for  asymmetry  in  the  rings 
surrounding  the  star.  Slightly  adjust  the  primary  tip-tilt  adjustments  to  minimize  the  asymmetry.  Move  the 
star  back  to  the  center  of  the  field  of  view  after  any  adjustment.  The  adjustments  should  be  very  small, 

1/6  of  a  turn  or  less,  if  you  were  successful  on  the  daylight  collimation.  Don't  be  surprised  if  no  further 
adjustment  is  needed  on  the  star  test.  If  you  were  very  exacting  in  the  daylight  test,  this  could  be  the  case. 
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If  the  seeing  is  exceptionally  good,  you  may  begin  to  see  the  Airy  disk  and  the  first  ring.  Critically  focus  the 
star  and  look  carefully  for  the  first  ring.  If  it  is  continuous  and  unbroken,  you  are  perfectly  adjusted;  if  not, 
you  may  make  very  small  adjustments  to  the  primary  tip/ tilt. 

There  is  an  excellent  web  page  on  Collimation  written  by  Thierry  Legault  at  http  oerso  club- 
intemetfr  iegaultcolim.html.  This  site  is  highly  recommended  for  the  fine  points  of  star  testing  and  sonre 
examples  of  collimated  and  uncollimated  stars,  both  in  focus  and  out  of  focus. 
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RGV100BL 


High-Speed  Precision  Rotation  Stage 


•  Brushless  tlrtvr  prmuh-s  faster  rotating  speed*  high 
torque  superior  rrlulxhtv  and  enhanced  position  sensitivity 

•  Ultra  rompad  footprint  only  1  IS  mm  x  1 15  mm 

•  Precision  glass  scale  encoder  ensures  0 0003  r»  p«  ji.ilxlus 

•  30  mm  diameter  through  hole  for  convenient  cable  routing 


The  RC  VI  001)1 .  is  a  very  compart  direct  drive  rotation  stage 
that  provides  ultra  fast  rotation  with  very  high  resolution  and 
outstanding  positioning  performance  Applications  include 
semiconductor  wafer  inspection  mtcro  robotics,  and 
precision  metrology 

The  divert  drive  technology  of  the  RC V 1 00BC  eliminates  the 
warn  gear  of  traditional  rotation  stages  The  advantages  are 
higher  speeds,  superior  reliability,  and  enhanced  posit  ion 
sensitivity  Speed,  resolution,  and  repeatability  are  increased  by 
a  briar  of  up  to  ten  lanes  compared  to  worm  driven  rotation 
i  of  the  same  sue. 


A  high  cfkiency  brushless  DC  torque  motor  with  rare  earth 
magnets  supplies  an  optimum  ratio  of  torque  per  Inertia  for 
high  acre!  real  me  with  minimal  stage  heating.  At  maximum 
continuous  torque,  the  temperature  of  the  motor  increases  by 
only  SOT  This  »  significant  iy  lest  than  other  stage  designs  and 
guarantees  high  performance  and  high  retiabdtty  far  the  moat 
demanding  application* 

Precision  Is  ensured  by  a  high  resolution  glass  wale  with 
1 5.000  line  pairs  per  revolution  that  directly  measures  the 

Design  Details 


a  DC  maw*  it 


position  af  the  rotating  platen  The  flat  encoder  Is  mourned  on 
a  precision  ground  reference  surfare  and  is  perfectly  aligned 
with  the  stage  s  rotation  axis  to  mini  mar  position  errors 
induced  by  eccentricity,  wobble,  or  anal  runout  The  encoder 
signals  are  interpolated  by  the  XPS  motion  controller  with  less 
than  0. 1  arc  sec  resolution  fur  outstanding  position  aensitivty 
and  stability 

The  RCVIQQB1  features  a  proprietary  4-point  contact  ball  bearing 
This  uruque  2  pare  design  lakes  advantage  of  Newport  ’s 
excellent  and  proven  capabilities  in  the  design,  man^iuctunng 
and  assembly  uf  precision  mechanics  and  integrates  multiple 
functions  lite  the  bearing  ways  and  the  direct  drive  motor, 
nummiratg  the  number  of  parts  The  result  Is  a  mure  compact 
rotation  stage  wtth  superior  stiffness,  high  reUabiUttr  and 
outstanding  wobble  and  ecrrmnclty  specifications 

A  30  mm  diameter  through  hole  aixiws  convenient  routing  of 
cables  and  vacuum  tinrs  through  the  stage  A  once-per 
revolution  index  puke  permits  precision  homing  to  a  unique 
home  position  The  RCVI00BL  also  features  two  limn  switches 
that  can  be  enabled  or  disabled  by  an  ester nai  switch 
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Appendix  G.  Computer  Optical  Products  CM-5000 


Hollow  shaft  motor/encoder 


CM-5000  series.  5'  brushless  DC  .  2  O’  ID  through  shaft 


Description: 

The  CM-5000  *  a  high  performance  brushless  DC 
motor  with  integral  opacal  encooer  characterized  by 
a  very  high  toque  to  inertia  ratio  Si*  afferent  sees 
are  avaiiabe  with  peafc  torques  from  1010  oz  m 
through  6654  oz  r  @  100  V  For  different  motor 
wmdngs  please  contact  the  factory 
The  motor  was  specifically  designed  tor  high  speed, 
high  resolution  pos.bonng  applications  and  s 
available  with  the  following  encoder  configurations 

•  ultra  ow  distortion  incremental  snecosne 
specifically  designed  for  use  with  interpolators 
yield  ng  up  to  144  muon  measumg  steps 

-  digital  incremental  up  to  36  000  efr  (144  .000 
measunng  steps  i 

-  high  restoton  digital  rcrementai  from  50  000  c/r 
(200  000  measunng  steps)  to  2.250  000  c/r  <9 
me  ion  measunng  steps  i 

•  18/20  bit  absolute  in  para  lei  format  (edema1 
electronics  necessary ) 

Appfccations  include  semiconductor  robots,  turret 
scanners  capstan  dnves  spmners  etc 


!» - W - wi 


Mechanical  Data: 


Ordering  information: 

CM-5000-- 1 H2)  sine'cosme  output  encoder 

(1)  motor  see  see  speesheet 

(2)  standard  necounts  2  000  c/r.  9.000  c/r 

CM- 5050-<  1 H 2)  digital  output  encoder 
(1)  motor  size  see  speesheet 
(2 standard  knecounts  2.000  4  000.  9.000  18.000 
8  36.000  c it 

CM-5050-HHC-il  K2)  digital  output  high  resolution 
(1)  motor  size  see  speesheet 
(2 standard  knecounts  50.000  62.500, 100  000 
125.000.  200.000  225  000  250  000.  281  000. 

400  000.  450  000  500  000  562  50C  900.000. 
1.125.000  1  800.000  8  2.250  000  c/r 


shaft  10 

1  99r-  2  003' 

shaft  loading 

40  lbs  axial  35  lbs  radial 

shaft  runout 

0002*  T 1 R 

starting  torque 

4  5  oz  m  ma»  ®20*C 

shaft  rotation 

oontnuous  reversible 

shaft  speed 

1  500  RPM  max 

shaft  material 

housng  material 

atom  mum  (stainless  optional) 

beamgiife 

manufacturers  specs 

moment  of  nerfia 

007  oz  n  sec 1 

weight 

appro*  5  tos 

temperature 

operating  -20*Ctm90*C 

shoe* 

50  G*®  11  ms 

vibraoon 

5-2.000  Hz  ©  20  Gs 

humidity 

98%  wflhout  condensation 

For  absolute  output  please  consult  factory 
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Hollow  shaft  motor/encoder 


CM-5000  series,  5"  brushless  DC  ,  2.0"  ID  through  shaft  I? 


Motoi  specifications  sue  constants  Q  25 *C  ambient: 


paramatar 

symbo 

urvt 

-i 
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-5 

-0 

irv^s  m»m  rata<J  hxpu* 

Tr 

m-ox 
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8051 

^  Iprrparatura  Of  $0“C 
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21  3 

31  1 
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805 

01  0 
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T« 
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418 

023 
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1162 

Q  San'parjtu'*  -  S*  Of  8C*C 
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1.41 

2  80 

4  40 

337 

704 

6  41 

Ma>  oonoouous  ooaa'  Os^ptat 

Pcmt 

War 

271 

300 

404 

408 
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608 

r»x>tO'  constant 

Km 

W 

30.2 

012 
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100  0 

i2e  o 

140  2 

Nrr  W 

021 

0  43 

8.61 

: 

060 

1  83 

a»actr*cai  lima  cor  start 

T# 

ms 

1  SO 

300 

4  14 

805 

883 

6  67 

rracnafxa<  tma  cor  sunt 

Tot 

ms 

4.3 

24 

14 

1.8 

14 

1.3 

tKansta  ras*sun©a* 

TP« 

•GYUn 

1  I 

12 

1.1 

1  0 

06 

6  6 

ma»mum  coggng  torqv* 

Tf 

53 

134 

18  1 

237 

268 

302 

Nrr 

004 

0  06 

8  14 

3  17 

02 

0  20 

v-scous  Sarr^-ng 

Pi 

3  06-3 

7.56-3 

0.01 

3  018 

0  013 

0  02* 

Nrr/fprr 

2  86-5 

3  36-5 

8  36-5 

1  064 

»  364 

1  564 

nystarasis  tfrag  tor  ju* 

T* 

r'-oi 

48 

10  3 

180 

206 

25  5 

268 

Nrr 

0  03 

0  07 

6.11 

345 

0  18 

021 

rotor  inaiij 

Jm 

ozrs' 

2  86-2 

OSE-2 

6  7E-2 

1  3E-* 

1  06-1 

2  5E-1 

Kf.m' 

2  0E-4 

4  5E-4 

8.86-4 

8  2E4 

1  IE-3 

1  4E-3 

number  c/  eo-as 

P 

12 

12 

12 

12 

12 

12 

bt 

38 

*7 

78 

82 

11 

12  8 

1  8 

28 

34 

42 

8 

86 

W  riding  constants  g  design  voltage  Vp  x  too  V.  25"  ambient 


paafc  torsv*  s  29% 

Tp 

m-ox 

1010 

2323 

3386 

4431 

5505 

0054 

Nrr 

7  13 

164 

2363 

31  28 

38  87 

47  0 

paafc  currant  *t5% 

•P 

Ampara 

111 

144 

18  2 

186 

18  5 

20  7 

torqua  sanvttvrty  *1C% 

M 

m-ocfA 

80S 

181  1 

223  3 

200  5 

287  7 

121  1 

N«r  A 

004 

1  14 

1  50 

1  88 

2  10 

227 

no-toac  spaac 

M 

rpnr 

1477 

833 

•02 

504 

451 

418 

rao  s 

188 

87 

83 

81 

47 

44 

vohaga  constant 

Kb 

\j\rpm 

070 

118  2 

185  1 

187  1 

22C  1 

237  5 

V***s 

004 

1  14 

1  86 

1  88 

2  10 

2  27 

tanrona'  r*s  state*  t  12% 

Hr 

Ohm 

687 

8  94 

8  88 

602 

541 

4  S3 

8*rrr»rai  mductanoa  ±33% 

Lsn 

140 

20  8 

27  1 

304 

32  1 

33a 
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Hollow  shaft  motor/encoder 


CM-5000  series.  5"  brushless  DC  .  2.0’  ID  through  shaft  9  3 


Encoder  specifications 


•Mtum  output 


0/grtai  incremental  or  HHC  output 


Motor  excitation  sequence  and 
"Hair'  switch  output 


smetovne  CM-5000  Model 

power  supply  *  5  Voc  @  60  mA  mar 
output  format  M3  sme/cosre  incremental 

output  default  Vout  =  s  0  5  V  zero-centered 
frequency  response  flat  ifo  to  100  kHz 

distortion  less  man  5%  <  Rma  x/Rmm  i 


<*grtar  incrementa/  C  M  5050  Model 

power  supply  ♦  5Vdc  ♦  10%  ©  100  mA  max  (no  toadi 
output  format  AS  quadrature  increments  digital 
freqency  response  150  kHz  mm  ©85*C 

output  knedn»er  26LS31.EIA  std  RS  422  &  DIN 
66259  compatible 


HHC / interpolated!  CM-5050-HHC  Model 

power  supply  ♦  5Vdcs  10%©  250  mA  max  (no  load! 
output  format  M3  quadrature  increment®  digital 
freqency  response  20  MHz  mm  @  85*C 

output  linednver  26LS31.EIA  std  RS  422  &  DIN 
66259  compatible 

digital  absolute  18  20  &  22  Oils 
Consult  factory 


t»* 


20*  ss1  «r  sc1 


so* 


i  **vg^iar  poston 

rnKnarn-j  | 


Motor  wire  color  code: 


red 

white 

black 


phase  A 
phase  B 
phase  C 


"Hall"  switch  color  code: 


brown 

orange 

yellow 

blue 

green 


Cl 

C2 

C3 

*  5V  to  ♦  24V 
ground 
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Appendix  H.  International  Space  Station 


Expreea  Lag! rilca  Carrtar  (ELC)  Raaaurtas 

Mate  capacity  4.445  kg  (9800  fc) 

VWum  30  m* 

_ L_ _ 

PWlf  3  kWmarfmum.1 13-126  VOC 

LMr-ratt  din  1  Mbp»(Mt.-STD-15S3| 

Hlgh-rate  data  95  Mbps  (shared) 

Local  areenetworl  6  Mbps  (0023  Ethernet) 

BX  SI  age  Adapter  Re  eeo reaa 

Maas  capacity  227kg  (500  «>) 

Volume  In1 

Power  750  W  113-126  VOC 

500  Wet  28  VOC  per  adapter 

Thermal  Active  hasting,  pass  Ira  cooling 

lMbps(Ml_-STD-1553» 

Madkaa  rata  data  6  Mbps  (rfvared) 


Mm  capacity 

550  kg(  L150  to)  at  standard  site 
2.250  kg(5550fc)  at  large  sit  a 

Votuma 

LSm* 

Power 

3-6  kW.  113-126  VOC 

Thermal 

3-6  kW  cooling 

Low  rata  data 

1  Mbp*  (MR -STD-1553) 

Mgh-rata  data 

43  Mbps  (shared) 

European  ColuaWu 

a  Reaearrhl  Moratory  kwowcei 

Mat*  capacity 

230  kg  (500  ■>) 

Voluma 

lm* 

Pa war 

2.5  kW  total  to  carrier  (shared) 

Thermal 

Pass  We 

Low -rata  data 

lMbps(Ml-5TD-1553) 

Hriwi  rata  data 

2  Mbps  (shared) 

External  Research 
Accommodations 


Many  locations  arc  available  lor  the  mounting  of  payloads  or  experiments  on  the  outside 
of  the  Station  on  the  U.S.  Truss,  on  the  Russian  elements,  and  additional  accommoda¬ 
tions  will  be  provided  when  the  Japanese  Experiment  Module  (JEM )  Exposed  Facility 
(EF)  and  Columbus  modules  are  an  ached 


I 


European  Columbus  Research 
Laboratory  external  mounting 
locations  on  the  starboerd  end  cone 


V 

.  Col  urn  but  E 
^  Mounting  U 


External  Research  Locations 


External  Payload  Accommodations 

External  payloads  may  be  accommodated  at  several  locations  on  the  U.S.  S3  and  P3  Truss 
segments  External  payloads  arc  accommodated  on  an  Expedite  the  Processing  of  Experi¬ 
ment  to  the  Space  Station  racks  (  EXPRESS)  Logistics  Carrier  i  ELC).  Mounting  spaces 
ate  provided,  and  interfaces  for  pow  er  and  data  are  standardized  to  provide  quick  and 
straightforward  payload  integration  Payloads  can  be  mounted  using  the  Special  Purpose 
Dexterous  Manipulator  SPDM ).  Dextrc.  on  the  Station’s  robotic  arm 
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Appendix  I.  BAE  Systems  [11] 


RAD750®  3U  CompactPCI  single-board  computer 


FEATURES  AND  CAPABILITIES 


The  3U  CompactPCI  standard 
single-board  computer,  available 
in  flight  and  prototype  versions, 
employs  the  PowerPC  RAD750 
microprocessor,  the  radiation- 
hardened  version  of  the  IBM 
PowerPC750.  The  companion 
PowerPC  bridge  ASIC  provides 
access  to  the  memory  and  the  PCI 
version  2.2  backplane  bus. 


Software  features 

-  Example  startup  ROM  and  VxWorks  board 
support  package  provided  for  all  hardware 
configurations 

-  Green  Hills  Software's  INTEGRITY  real-time 
operating  system  can  serve  as  an  alternate 
board-support  package. 

-  Hardware  reference  manuals  and  software 
users  guide  provided. 

-  Software  developed  for  the  RA06000* 
processor  Is  easily  ported  to  the  RAD750. 

-  All  compilers  currently  available  for 
the  commercial  PowerPC  750  are  fully 
compatible  with  the  RAD750  processor. 

-  Operating  systems  for  PowerPC  7 50based 
computers  are  easily  ported  to  RAD750 
computers.  VxWorks  and  INTEGRITY  are 
both  currently  available 

-  Vrtutech  offers  a  RAD750  simulator. 


FOrm  factor 

-  CompactPCI  3U  (100  mm  x  160  mm) 

-  Weigit:  549  grams 

Memory 

-  128  MB  SDRAM.  256  kB  SUROM 

Radiation-hardness 

-  Total  dose:  >100  Krad  (Si) 

-  SEU:  1.9  E-4  errors/card-day 
(90%  W.  C.  GEO)  vanes  with  orbit 

-  LatchupHmmune 

Performance 

-  >260  Dhrystone  2.1  MIPS®  132  MHz 

-  4.3  SPECint95  4.6  SPECfp95  at  132  MHz 

Power  supply 

-  3.3V  ±10% 

-  (2.5V  generated  via  on-board  regulator) 

Power  dissipation 

-  <10.8W 

Rail  temperature  range 
- -55*Cto*70*C 
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